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Abstract 
Magnetic materials exhibiting a high degree of spin polarization are being actively 
investigated for their potential use in spintronic devices. Among them, CrO2 is very 
attractive because it is a half-metal fully spin polarized at the Fermi level with a 
magnetic moment of 2 µB/f.u. and Curie temperature well above room temperature 
(RT). Therefore, much effort has been put into developing efficient and controlled 
methods for preparing CrO2 films which nevertherless has been a difficult task due to 
the CrO2 metastability. Results on the deposition of CrO2 thin films by laser-assisted 
Chemical Vapour Deposition (LCVD) and by Chemical Vapour Deposition (CVD) are 
presented in this thesis. 
  The LCVD experiments were carried out in a high vacuum chamber at working 
pressures of 10-5 - 10-1 mbar and using different geometries. Films were mainly grown 
at RT onto sapphire substrates by photodissociation of Cr(CO)6 using a KrF excimer 
laser, in dynamic atmospheres containing oxygen and Argon. The structural 
characterization showed that some CrO2 was deposited at RT in a narrow window of 
experimental parameters at 0.5 mbar, although together with a significant amount of 
Cr2O3. Precursors partial pressures ratio and laser fluence are the prominent 
parameters that have to be accurately controlled in order to co-deposit both phases. 
 A highly reproducible CVD setup consisting of a single-zone furnace with 
independent control of the substrate temperature was developed. CrO3 powder was 
used as precursor and oxygen as carrier gas. Films were grown within a broad range 
of deposition temperatures from 320 to 410 ºC, and O2 carrier gas flow rates of 50 – 
500 sccm, showing that it is viable to grow highly oriented a-axis CrO2 films at 
temperatures as low as 330 ºC, i.e. ~70 ºC lower than in published data for the same 
chemical system. Deposition parameters were correlated with the structure and 
microstructure, deposition kinetics, magnetic and electrical transport properties, and 
spin polarization of the deposited material. The growth of a Cr2O3 interfacial layer as 
an intrinsic feature of the deposition process is studied and discussed. Films 
synthesised at 330 ºC keep the high quality magnetic and transport properties as 
those deposited at higher temperatures. 
Keywords: CrO2 thin films, chemical vapour deposition (CVD), laser-assisted CVD, 
spin polarization, spintronics. 
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Resumo 
A indústria da microelectrónica tem vindo a evoluir com base em dispositivos 
semicondutores que funcionam integrados em circuitos com um vasto número de 
funcionalidades e com dimensões cada vez mais reduzidas. De facto, desde há 40 
anos que o número de transístores por unidade de área que podem ser incorporados 
num único circuito integrado tem duplicado todos os 18 meses. Contudo, o limite para 
o qual será impossível continuar a diminuir o tamanho e espaçamento entre esses 
dispositivos situa-se num horizonte temporal cada vez mais próximo. Para ultrapassar 
esta dificuldade e permitir que a miniaturização dos circuitos possa progredir, têm sido 
procuradas novas soluções que, para além da carga do electrão, explorem também o 
spin do electrão. Com a incorporação deste grau de liberdade extra espera-se 
conseguir dos circuitos, simultaneamente, funcionalidades alargadas, melhor 
desempenho e menor consumo energético. É um novo conceito de electrónica que 
está a emergir e a que se dá o nome de electrónica de spin ou spintrónica. 
 O desenvolvimento de dispositivos spintrónicos passa pela utilização de 
materiais ferromagnéticos com um elevado grau de polarização de spin (Pn), que 
podem ser usados como fontes de corrente. Neste âmbito, um dos materiais com 
maior potencial de aplicação é o dióxido de crómio, CrO2, uma vez que é 
ferromagnético acima da temperatura ambiente (TC~119 ºC) com uma magnetização 
de 2 µB/f.u. e a sua polarização de spin foi teoricamente prevista em 100 %. Contudo, 
a síntese deste material não é trivial uma vez que a pressão ≤ 1 bar não possui um 
patamar de estabilidade termodinâmica. Além disso, os dispositivos propostos 
requerem um crescimento controlado das interfaces que só é possível realizar através 
de deposições a temperaturas suficientemente baixas. Para depositar filmes finos de 
CrO2 é, por isso, fundamental o desenvolvimento de técnicas de deposição eficientes, 
que assegurem uma interface de qualidade e evitem a deterioração do substrato. O 
trabalho desenvolvido nesta tese é uma contribuição para o desenvolvimento de tais 
técnicas explorando, nomeadamente, dois processos de deposição de filmes de CrO2: 
a deposição química de vapor (CVD) e a deposição química de vapor assistida por 
laser (LCVD). 
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 O LCVD é uma técnica selectiva de deposição de filmes com potencial para 
assegurar a qualidade das interfaces e com a capacidade de revestir materiais 
termicamente sensíveis, e que não tem sido muito explorada na deposição de CrO2. 
No âmbito desta tese, foi estudada a deposição de óxido de crómio por LCVD em 
substratos de (0001) Al2O3 (safira), a partir da fotodecomposição do hexacarbonilo de 
crómio, Cr(CO)6, usando um laser pulsado de KrF (λ = 248 nm, τ = 30 ns). As 
experiências foram realizadas numa câmara de alto vácuo, a pressões de trabalho (PT) 
entre 10-5 mbar e 10-1 mbar, com atmosferas de diferentes composições contendo O2 
e Ar, e usando geometrias de incidência perpendicular ou rasante ao substrato. 
 A análise estrutural dos filmes depositados por LCVD foi realizada 
essencialmente por difracção de raios-X (XRD) e espectroscopia de micro-Raman. A 
microestrutura dos filmes foi estudada por microscopia electrónica de varrimento 
(SEM) e microscopia de força atómica (AFM) e correlacionada com a sua composição. 
Os resultados obtido mostram que a razão entre as pressões parciais dos reagentes 
(pO2/pCr) e a fluência laser (F) são parâmetros fundamentais para controlar a 
composição dos depósitos. Filmes contendo as fases CrO2 e Cr2O3 foram sintetizados à 
temperatura ambiente usando PT = 0.1 mbar, pO2/pCr = 1 e F = 75 mJ cm
-2, abrindo 
assim um caminho interessante para a síntese de filmes bifásicos de óxido de crómio 
(III,IV). Contrariamente ao esperado, a pressões de trabalho mais baixas, i.e. 10-5 
mbar, apenas foi depositado Cr2O3, não tendo sido encontrados indícios de CrO2. 
 O CVD convencional ou térmico é, até ao momento, a mais bem sucedida 
técnica de preparação de filmes de CrO2 descrita na literatura. Neste método de 
deposição é usualmente utilizado CrO3 como precursor e O2 como gás de arraste, 
sendo os melhores resultados obtidos no intervalo de temperaturas 390 - 400 ºC e 
para fluxos de O2 (φO2) de 500 sccm. Fora deste estreito intervalo de parâmetros 
experimentais os filmes sintetizados têm sido descritos na literatura como contendo 
invariavelmente diferentes óxidos de crómio. Tal facto tem impedido o estudo dos 
mecanismos fundamentais envolvidos na síntese de CrO2. 
 Com o objectivo de estudar o mecanismo de deposição e o efeito dos 
parâmetros experimentais da deposição − principalmente a temperatura do substrato 
(TS) e o fluxo do gás de arraste −, na composição, cinética e qualidade dos filmes, foi 
desenvolvido no decurso desta tese um reactor de CVD altamente eficiente e 
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reprodutível na deposição de CrO2 em substratos de safira, usando o CrO3 como 
precursor e o O2 como gás de arraste. 
 Os resultados da caracterização do material depositado mostram que é possível 
crescer filmes de CrO2 fortemente texturados a temperaturas entre 410 ºC e 330 ºC, 
usando φO2 = 50 sccm. De notar que o limite TS = 330 ºC é cerca de 70 ºC inferior ao 
usualmente reportado na literatura para o CVD de CrO2 em sistemas idênticos aos 
estudados neste trabalho. Observou-se que o limite mínimo de TS para a obtenção de 
filmes finos de CrO2 de elevada qualidade aumenta com φO2  (de 50 para 200 sccm), o 
que pode ser explicado pelo facto de a energia de activação aparente estimada para a 
deposição (Ea) diminuir com a diminuição de φO2. Para φO2 = 50 sccm (Ea = 121 ± 4 kJ 
mol-1) a cinética de reacção de superfície é o mecanismo limitante da deposição de 
CrO2. A baixa temperatura, para φO2 = 100 e 200 sccm (Ea = 146 ± 7 kJ mol-1 e 
166 ± 7 kJ mol-1 respectivamente) o mecanismo limitante é idêntico mas, a 
temperaturas mais elevadas, o mecanismo de crescimento é limitado pelo transporte 
de massa. Os valores de energia de activação estimados são compatíveis com a 
existência de uma espécie molecular precursora do CrO2 oriunda da decomposição 
térmica do CrO3. 
 A microestrutura superficial dos depósitos depende fundamentalmente da sua 
espessura, tendo o mínimo de rugosidade sido medido para filmes com 100 – 250 nm. 
 Independentemente das condições de síntese, todas a amostras mostram a 
existência de pequenas quantidades de Cr2O3 com crescimento preferencial do eixo c 
perpendicular ao substrato. A análise estrutural dos filmes por XRD e microscopia 
electrónica de transmissão (TEM/HREM) indica que o Cr2O3 está essencialmente 
confinado à interface entre o CrO2 e o substrato. A análise por micro-Raman mostra 
que a superfície é constituída unicamente por CrO2. Foi igualmente determinado que a 
direcção [001] do CrO2 e a direcção [21 0] da safira e do Cr2O3 são coincidentes. No 
entanto, a fase Cr2O3 tem uma relação de epitaxialidade maior com o substrato do que 
com o CrO2, justificando a estrutura em camadas descrita. Admite-se que quando a 
espessura da intercamada de Cr2O3 atinge um certo valor crítico, a energia acumulada 
até então pelos deslocamentos produzidos devidos às diferenças entre os parâmetros 
de malha do Cr2O3 e do substrato, é utilizada na transformação de fase do 
Cr2O3 → CrO2 e consequente crescimento do filme de CrO2. 
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 A espessura da camada de Cr2O3 (dCr2O3) foi estimada a partir dos 
difractogramas de XRD. Os valores obtidos são consistentes com as observações feitas 
por TEM/HREM. Com o aumento de TS o crescimento da espessura dos filmes (dt) é 
exponencial mas a camada de Cr2O3 aumenta apenas ligeiramente de 3 nm para 20 
nm no intervalo TS ∈ [330, 410] ºC. A análise por TEM/HREM mostra que filmes 
crescidos a mais alta temperatura apresentam uma estrutura piramidal de Cr2O3 na 
interface que no entanto não existe nos filmes depositados a mais baixa temperatura; 
neste caso é observada uma mistura de CrO2/Cr2O3.  
  Do ponto de vista magnético, apenas a camada interfacial de Cr2O3 tem algum 
efeito pernicioso no valor da magnetização de saturação medida nos filmes. Os 
crescidos a mais alta temperatura têm de ser suficientemente espessos para atenuar o 
efeito da camada antiferromagnética de Cr2O3. Contudo, os filmes depositados a mais 
baixa temperatura, uma vez que têm uma camada de Cr2O3 mais fina, apresentam 
valores de magnetização idênticos aos dos filmes mais espessos crescidos a alta 
temperatura, perfeitamente compatíveis com os valores de magnetização esperados 
para o CrO2. 
 Os filmes apresentam um comportamento metálico e um forte aumento da 
resistividade com a temperatura, que varia com T2 acima de 150 K. De notar que esta 
dependência funcional da resistividade com T2 é característica do CrO2. Mostra-se 
ainda que os factores fundamentais que determinam a resistência dos filmes são TS 
(via fronteira e tamanho de grão) e dCr2O3/dt (via diminuição da espessura da camada 
condutora). Medidas de polarização de spin mostram que os filmes sintetizados 
apresentam um elevado grau de polarização de spin. Em particular, foi observado que 
os filmes depositados a baixa temperatura (TS = 330 ºC) apresentam valores de Pn 
entre 90 e 95 %, o que atesta a qualidade destes filmes no que respeita a este 
importante parâmetro. 
 
 
Palavras-chave: filmes finos de CrO2, deposição química em fase vapor (CVD), 
deposição química em fase vapor assistida por laser (LCVD), polarização de spin, 
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Introduction 
The modern microelectronics industry has evolved on the basis of semiconductor 
devices that function by controlling electrical charge in circuitry of ever-reducing 
dimensions, now enabling billions of transistors to be packed onto a single integrated 
circuit. Actually, for the last 40 years the number of transistors per unit area that can 
be built onto a single chip has been doubling every 18 months, a trend known as 
Moore's law. However, we are now rapidly approaching the limit of how small and 
closely packed these transistors can become because the heat that they generate 
cannot be dissipated fast enough, or unwanted quantum mechanical effects prevent 
them from functioning properly. With the ultimate goal of preventing these unwanted 
effects and overcoming the limits of further circuit shrinkage, researchers have 
actively been seeking new solutions that exploit the electron spin besides the electric 
charge. Whereas conventional electronic devices rely on only controlling the flow of 
charge, a spin based electronic or “spintronic“ device would also control the flow of 
electron spins − the so-called spin current −, thereby adding much more functionality 
and lower power consumption through this extra degree of freedom1.  
 Key materials for the development of spintronic devices are ferromagnetic 
materials that can be used as sources of currents with a high degree of spin 
polarization. Among the magnetic materials being actively investigated for their 
potential use in such devices CrO2 is one of the most attractive because it is a half-
metal fully spin polarized at the Fermi level with a Curie temperature well above room 
temperature and a magnetic moment of 2 μB per formula unit. Therefore, much effort 
has been put into developing efficient and controlled methods for preparing CrO2 films. 
Nevertheless, the synthesis of CrO2 films has been a difficult task because it lacks a 
thermodynamic stable plateau at pressures ≤ 1 bar and, if heated, easily decomposes 
into the insulating antiferromagnetic Cr2O3 phase, which is the most stable chromium 
oxide at ambient conditions. Moreover, many of the proposed devices demand 
carefully controlled growth of interfaces, which can be achieved by preparing thin films 
                                          
1 Since the spin of an electron can be switched from one state to another much faster than charge can be 
moved around a circuit, spintronic devices are expected to operate faster and produce less heat than 
conventional microelectronic components. 
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at sufficiently low temperatures to ensure interface quality and avoid substrate 
damage. To accomplish this goal, the development of efficient deposition techniques 
to produce high quality ferromagnetic thin films of CrO2 is fundamental and is still 
nowadays a challenging task.  
 The work described in this thesis is expected to be a contribution to the 
development of such deposition techniques by exploring two synthesis routes to 
prepare CrO2 films: Chemical Vapour Deposition (CVD) and laser-assisted CVD 
(LCVD). It originated within the research carried out at the Laser Surface Processing 
Laboratory of the Faculty of Sciences of the University of Lisbon in the framework of a 
European Union project entitled “FENIKS: Ferromagnetic semiconductors and novel 
magnetic-semiconductor heterostructures for improved knowledge on spintronics”. 
 LCVD is a selective area deposition technique with the potential to ensure 
interface quality and the ability to coat thermal-sensitive materials, not yet very much 
explored for the deposition of CrO2. Despite the complexity of the deposition process, 
good prospects for success were initially envisaged. In this thesis the deposition of 
chromium oxide was achieved from the photodecomposition of chromium 
hexacarbonyl, Cr(CO)6, using a KrF pulsed laser (λ = 248 nm, τ = 30 ns). 
 Thermal CVD using CrO3 as chromium precursor and O2 as carrier gas is so far 
the most successful technique for synthesising CrO2 films. Highly oriented thin films of 
CrO2 are currently grown onto rutile and sapphire substrates using this deposition 
technique. However, the quality of the films has been always claimed to depend 
critically on the substrate temperature, the best results having been obtained at 
substrate temperatures between 390 and 400 ºC. Films synthesised outside this 
narrow range of temperature have always been reported to contain also other 
chromium oxide phases, which have precluded study of the fundamental mechanisms 
involved in this deposition method. As will be shown, we succeeded in synthesising 
highly oriented CrO2 films onto Al2O3 (0001) by atmospheric pressure CVD at 
temperatures as low as 330 ºC and in a wide range of oxygen fluxes. Issues related 
with the deposition mechanisms and the effect of deposition parameters on the quality 
and properties of the films will be here addressed. 
 This thesis comprises 7 chapters. Chapter 1 briefly reviews the processes 
involved in the foreseen spintronic devices and related materials which is the central 
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motivation for the research carried out. Chapter 2 reviews the properties of the 
materials relevant to this thesis as well as the CrO2 synthesis processes. In chapter 3 
the fundamentals, advantages and applications of the deposition techniques studied, 
i.e., CVD and LCVD are presented. In this chapter we also discuss the phenomena 
involved in the synthesis of chromium oxide thin films onto sapphire substrates by 
LCVD and, in particular, the physical and chemical processes expected to occur during 
the deposition process when using UV laser radiation and Cr(CO)6 as chromium 
precursor. The LCVD experimental setup used is described in chapter 4. Results 
obtained using the LCVD process are presented and discussed in chapter 5. Finally, 
chapter 6 addresses the developed CVD experimental setup and chapter 7 the results 
and discussion of the CrO2 films synthesized by the CVD method. The final conclusions 
are presented in chapter 8. Two appendices are included in this thesis. Appendix A 
briefly reviews the most important analysis techniques used to characterise the films 
as well as the procedures used for data analysis. Appendix B describes the two 
different hexagonal lattice notations. 
 References are cited in square brackets by order of appearance in each 
chapter, and indexed at the end of the thesis. 
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1. Motivation 
In this chapter the general motivation for the work developed in this thesis will be 
given. The fundamentals of spin based electronics or spintronics, foreseen devices and 
materials will be briefly described. An introduction to highly spin-polarized materials, 
in particular CrO2, will also be presented. 
1.1 Spintronics 
 There is an almost insatiable appetite for information and means for storage in 
digital form. Most digital information is stored in the form of tiny magnetized regions 
or "bits" within thin magnetic layers on disks. The size of the magnetic bit determines 
the information storage capacity of magnetic disk drives. In recent years technological 
advances have enabled enormous increases in volumetric storage capacity. This 
expansion has been driven by a rapid evolution of the fundamental science and 
technology of the materials and processes incorporated into magnetic disk drives. 
Advanced magnetic materials, specially engineered to have unusual properties or 
combinations of properties, determine the pace of evolution of magnetic storage disk 
drives. 
 From the simplest digital system to the most advanced microprocessor, most 
electronic devices have employed circuits that express data as binary digits: 1 and 0 
represented by the existence or absence of electric charge, with the communication 
between microelectronic devices occurring by the binary flow of electrons. However, 
the current shrinkage rate of electronic devices and the doubling power of 
microprocessors every 18 months will run out of momentum as the size of features on 
a chip approaches the atomic dimensions. For this reason, and also to enhance the 
multifunctionality of devices, investigations have been devoted to exploit another 
property of the electron: the spin or intrinsic angular momentum. The spin is a 
fundamental property of the electron, like its mass or charge, with a constant 
magnitude of ( 3 /2)=  and assuming two possible quantized components of (1 /2)± =  
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along a magnetic field direction. This quantization confers to the electron two possible 
spin states in relation to a magnetic field − the spin-up and spin-down states − which 
therefore might be used as a new kind of binary logic. Since the spin of an electron 
can be easily switched from one state to another by an external applied magnetic 
field, by adding the spin degree of freedom to conventional charge-based electronics 
or using the spin degree of freedom by itself will add substantially more capability and 
performance to electronic products. Spin-based electronics, or spintronics, has the 
capability of developing non-volatile, much smaller, more energy efficient and 
powerful devices, for certain types of computations, than is nowadays possible with 
systems based on electron charge only. The ultimate goal is the integration of 
electronic, optoelectronic and magnetoelectronic multifunctionality on a single device 
that can perform much more than it is possible with the existing microelectronic 
devices [1]. 
 Magnetism (and hence electron spin) has nonetheless always been important in 
the conception and development of data storage devices through the phenomenon 
discovered by Lord Kelvin [2] and known as magnetoresistance (MR) – the change of 
resistance of a conductor when it is placed in an external magnetic field. For 
ferromagnets like Fe, Co and Ni this property also depends on the direction of the 
external field relative to the direction of the current through the magnet. This 
difference in resistance between the parallel and perpendicular case is called 
anisotropic magnetoresistance (AMR) and it is now known to originate from the 
electron spin-orbit coupling [3]. In general, MR effects are very small, at most of the 
order of a few per cent with respect to the zero field resistance although of substantial 
importance technologically, especially in connection with early read-out heads for 
magnetic disks and as sensors of magnetic fields. However, there was hardly any 
improvement of the performance of magnetoresistive materials since the work of 
Kelvin. The general consensus in the 1980s was that it was not possible to significantly 
improve the performance of magnetic sensors based on magnetoresistance. Crucial to 
the technological revolution seen in the last two decades in the capability of reducing 
the size of data storage devices with increasing capacity was the discovery made by 
1. Motivation 
 7 
the groups led by Albert Fert [4] and by Peter Grünberg [5] in 19881. They observed a 
large change in the electrical resistance of thin Fe/Cr multilayers as a function of an 
external magnetic field. In particular, A. Fert and co-authors measured a MR value of 
~55% for a superlattice with 60 adjacent Fe (30 Å)/ Cr (9 Å) layers at T = 4.2 K. The 
phenomenon was named giant magneto-resistance (GMR). This groundbreaking 
discovery, considered the birth of spintronics, quickly led to commercialization in 1997 
by IBM of the first hard drives with miniaturized recording heads based on GMR [6]. 
Since then, the growth rate for storage bit density immediately increased up to 100% 
per year. Most laptop computers come now fitted with high-capacity hard drives that 
pack an unprecedented amount of data (> 60 Gbit in-2). 
1.2 Spintronic devices and materials 
 The development of spintronics has followed different approaches in the 
semiconductor and magnetism research communities. 
 The semiconductor approach involves creating and manipulating spin-polarized 
electrons in a semiconductor host. The paradigm of semiconductor spintronics is 
arguably the spin-field effect transistor (spin-FET) proposed by Datta and Das [7]. The 
theoretical basis of the spin-FET explores the possibility of controlling the spin of the 
injected carriers as they travel trough a low-dimensional channel, connecting two 
ferromagnetic reservoirs (source and drain) by the electric field imposed by the 
voltage applied to the gate electrode, via the so-called Rashba spin-orbit coupling 
effect [8]. In order to achieve a practical device, the electrons must first be spin-
polarized and after largely preserved as they propagate through the semiconductor 
material. Therefore, the most direct way for spin injection would seem injecting from a 
ferromagnetic metal in a metal/semiconductor heterostructure. However this raises 
difficult problems related to the difference in conductivity and spin relaxation time 
between metals and semiconductor materials. Although these problems are now better 
understood, they slowed down the progress on spin injection from metals [9]. On the 
other hand, this has boosted the research on dilute magnetic semiconductors (DMS) 
                                          
1 Both researches were awarded the 2007 Nobel Prize in Physics. 
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that can be much more easily integrated with nonmagnetic semiconductors for spin 
injection. The ideal DMS with potential as spin-polarized carrier sources and easy 
integration into semiconductor devices would have Curie temperature above room 
temperature (RT) and would be able to incorporate n and p dopant types. At the 
moment, the lack of a suitable RT ferromagnetic semiconductor has limited the 
development of functioning spintronics semiconductor devices [10]. Therefore, the 
search for ferromagnetic materials to be used as spin-polarized carrier source in 
spintronics semiconductor devices is still an open research field. 
 The magnetism community has taken a different approach. Based on the GMR 
effect, several spintronics devices have already been developed as referred above. In 
its most basic realization, a GMR device consists of two thin ferromagnetic metal films, 
separated by a non-magnetic metal. If the magnetic layers have a different magnetic 
orientation with respect to each other, the electrons scatter strongly in the trilayer 
structure and the electrical resistance is high. However, once the magnetic orientation 
of the magnetic layers is aligned using an external magnetic field, electrons with 
intrinsic magnetic moments, μs, parallel (spins antiparallel)2 to that direction scatter 
much less, and move more easily between the magnetic and non-magnetic layers - 
hence, the electrical resistance is low. The GMR is an outstanding example of how 
structuring materials at the nanoscale can bring to light fundamental effects that 
provide new functionalities. And indeed the GMR discovery immediately triggered 
intense research, soon achieving the concept of the spin-valve sensor. In its simplest 
form, the spin-valve is just a trilayer film of the kind displayed in figure 1.1, in which 
one ferromagnetic layer (e.g., FM1) has its magnetization pinned3 along one 
orientation. The rotation of the free ferromagnetic layer (FM2) magnetization then 
“opens” (H > Hs, where Hs is the saturation field) or “closes” (H = 0) the flow of 
electrons, acting as a sort of valve.  
                                          
2 An electron has an intrinsic magnetic dipolar moment with a component along a magnetic field 
direction given by μs = − g0 μB ms, where g0 = 2.0023 is the electronic g-factor, μB is the Bohr 
magneton and ms = ±1/2 the spin quantum number. Thus, the electron intrinsic magnetic 
moment or spin magnetic moment is antiparallel to the spin angular momentum and is almost 
exactly one Bohr magneton. 
3 The exact structure of a spin valve includes an antiferromagnetic pinning layer that makes 
very difficult to flip the direction of the adjacent ferromagnetic pinned layer. 
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Figure 1.1: parallel and antiparallel configurations of a spin valve. When the two 
magnetic layers are magnetized parallel (left scheme), the electrons with intrinsic 
magnetic moment μs parallel (spin antiparallel) to the magnetization can travel 
through the layered structure nearly unscattered. 
 GMR spin valve based read heads are dominating applications in hard drives. 
The magnetoresistance of spin-valves has increased dramatically from about 5 % in 
early heads to about 15 – 20 % today [11]. As hard drive storage densities approach 
100 Gbits in-2, sensor stripe widths are approaching 0.1 µm, and current densities are 
becoming very high. It is now unclear if the GMR spin-valve read head can be 
extended to those levels, or if a new form of read head will have to be introduced. 
Another major step forward came from replacing the non-magnetic metallic spacer 
layer of the spin-valve by a thin (~1 - 2 nm) non-magnetic insulating layer (tunnel 
barrier) thus creating a magnetic tunnel junction (MTJ). Since spin-up electrons can 
only tunnel into spin-up empty states, no tunneling occurs when the magnetic 
moment is in an anti-parallel configuration in both magnetic electrodes and, 
consequently, the resistance of the device becomes very high (see figure 1.2). 
Therefore, this kind of device is able to sense the direction of the external magnetic 
field in the same way as a spin valve does. Its response is called tunnelling 
magnetoresistance (TMR) which is defined as (RP - RAP)/RAP, where RP and RAP stands 
for the resistance of the parallel and antiparallel configurations, respectively. TMR 
values of 40 - 50% are now often observed in structures with Ni-Fe, Co-Fe magnetic 
μs 
FM1 NM FM2
H > Hs 
μs 
FM1 NM FM2 
H = 0 
Low resistance High resistance 
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electrodes and AlOx tunnel barriers [12]. A considerably larger effect of about 200% 
was found in Fe/MgO/Fe junctions with an epitaxial grown barrier, which may be 
related to surface states and/or peculiarities of the band structure of the materials 
[13;14]. 
 
Figure 1.2: parallel and antiparallel configurations of a magnetic tunnel junction. No 
tunneling can occur when the magnetic moment is in an anti-parallel configuration. 
 Applications for MTJ structures are expanding. Important applications include 
magnetic field sensors, galvanic isolators and read heads for hard drives [1]. 
Particularly, MTJ magnetoresistive read heads have the potential to deliver greater 
signal than that obtained with spin-valve based devices, thus allowing to increase the 
storage bit density in magnetic recording [10]. Moreover, MTJ forms the building block 
of magnetoresistive random-access memories (MRAM), which is a projected non-
volatile, high-density and high-speed memory technology already commercially 
available. In July 2006, FreescaleTM started selling the first MRAM module, despite its 
high cost and low density. A realistic timeframe for a cell phone with MRAM is probably 
2010 at earliest [1]. 
1.2.1. Spin polarization 
 One of the ways to make faster, sensible and energetically efficient devices is 
to achieve higher signals. Magnetoresistance has risen from about 2% for AMR thin 
films to 15 – 20% for GMR spin-valves to 50 – 60% for MTJ structures. Even higher 
magnetoresistance is being sought, and considerable effort is being expended towards 
EF EF
FM FM FMFMI I
Parallel configuration Antiparallel ara lel configuration ntipara lel
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that end, both in academia and in industry. The spin-dependent conduction of these 
devices depends firmly on the spin-polarization of the ferromagnetic layers, which are 
usually alloys of Fe, Co, and Ni with polarization < 50% [15]. Materials that exhibit 
large carrier spin-polarization at the Fermi level can dramatically enhance device 
performance and may be necessary for a new generation of three terminal devices, 
such as spin-transistors. 
 The spin-polarization, Pn, of a material is defined as [16]: 
n
n n
P
n n
↑ ↓
↑ ↓
−= +  eq. 1.1 
where n↑ (n↓) stands for the majority (minority) density of states at the Fermi level. 
Spin-polarization measures the imbalance in the density of electrons with opposite 
spins and it is a quantity of fundamental interest for both fundamental physics and 
device applications. Values of Pn range from 0 in normal nonmagnetic metals (e.g. Cu, 
Ag) to 100% in a special class of materials: the so called half-metals. The concept of 
half-metallicity was first introduced in 1983 by de Groot et al. [17] on the basis of 
band structure calculations in NiMnSb and PtMnSb semi-Heusler phases. Half-metals 
are ferromagnets with a peculiar density of states, exhibiting only one occupied spin 
polarised sub-band at the Fermi energy, EF. Consequently, they present only one type 
of conduction electron, either spin-up or spin-down. These conditions can be met only 
by few materials in nature. Examples of expected half-metal materials are some semi-
-Heusler manganese compounds (e.g., NiMnSb and Co2MnSi), some double-
perovskites (e.g., Sr2FeMoO6 and Sr2CrReO6), the doped La1-xSrxMnO3 perovskite 
manganite, the ferrimagnetic Fe3O4, and the ferromagnetic chromium (IV) oxide, 
CrO2. 
 Spin-polarization values measured by Point Contact Andreev Reflection (PCAR) 
spectroscopy4 for various ferromagnetic elements and half-metals are presented for 
comparison in table 1.1. As can be seen, the highest Pn measured so far is for CrO2, 
which is the unique example of a stoichiometric binary oxide that is a ferromagnetic 
                                          
4 PCAR spectroscopy was used during the research work described in this thesis. For a brief 
description of the technique see appendix B. 
1. Motivation 
 
 12 
material predicted to be fully spin polarized at the Fermi level at room temperature 
[18]. Within an ionic model, Cr4+ (3d2) ions are ferromagnetically ordered, yielding a 
magnetic moment of 2 μB per formula unit in agreement with magnetization 
measurements [16], and presents a Curie temperature well above room temperature, 
usually reported in the range between 392 and 396 K [19]. 
Table 1.1: spin polarization values for various ferromagnetic elements 
and half-metal materials (PCAR measurements). 
Ferromagnetic Material Pn (%) Ref. 
FM elements   
Fe 42 – 45 [20] 
Co 42 – 45 [20;21] 
Ni 43 – 46.5 [21] 
Half-metals   
NiMnSb 44 – 58 [20-22] 
Co2MnSi 45 - 55 [23] 
Sr2FeMoO6 60 - 75 [24] 
La0.7Sr0.3MnO3 78 – 80 [20;21] 
CrO2 90 – 98.4 [20;21;25-27] 
Setting together the fact that magnetoresistance response of a MTJ based on half-
metals is in theory infinite and the chromium dioxide properties, CrO2 looks a very 
attractive material to be use in MTJ applications. Actually CrO2 is the only predicted 
half-metal where Pn measurements at the surface are consistent with the complete 
spin-polarization expected for genuine half-metals [28;29]. This is particularly 
relevant for possible applications of CrO2 in a spin-polarized scanning tunneling 
microscope [29;30]. Moreover, CrO2 has also the potential to be used as spin injection 
material in spintronics semiconductor devices. Indeed, spin-injection from 
ferromagnetic metals into semiconductors requires a tunnel barrier to overcome the 
conductance mismatch problem, unless the metal is 100% spin polarised [31;32]. 
Other important effect discovered in pressed powders of CrO2 is a new type of 
extrinsic magnetoresistance where antiferromagnetic Cr2O3 impurities enhance the 
CrO2 magnetoresistance ratio up to 50% [33-36]. Moreover, Cr2O3/CrO2 biphasic films 
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have shown remarkable magnetoresistance due to intergrain tunnelling between high 
spin polarized crystals [37]. These junctions have also potential interest for spintronics 
applications [38]. More recently, Keizer et. al. [39] have opened up a new 
fundamental study subject directly related with the CrO2 half-metallic properties. 
Despite conventional superconductivity is not supposed to occur in ferromagnetic 
materials, those authors reported the existence of a Josephson supercurrent5 through 
the half-metal ferromagnetic CrO2. They concluded that the underlying physical 
explanation of the results is a conversion from spin singlet pairs to spin triplets at the 
interface. The supercurrent can be switched with the direction of the magnetization, 
analogous to spin valve transistors, and therefore could enable magnetization-
controlled Josephson junctions. 
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Figure 1.3: number of papers found on the B-on6 
database in the last 18 years with the keywords 
“spintronics”, “CrO2” and “chromium dioxide”. 
                                          
5 A Josephson supercurrent is a current flow across two weakly coupled superconductors, 
separated by a very thin insulating barrier. 
6 The B-on is a scientific database promoted by the Portuguese National Ministry of Science, 
Technology and Higher Education that enables free access to full papers published in more than 
12000 international scientific journals, covering all areas of knowledge. 
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 The growing interest on spintronics and particularly on CrO2 by the scientific 
community over the last two decades can be expressed by the graph of figure 1.3 
resulting from a simple search on the B-on bibliographic database. The evolution of 
the number of published papers over the last years on those subjects is self 
explanatory about their relevance. 
 In conclusion, CrO2 can be seen as a potential material to be used on the 
development of spintronics devices. However, these devices demand carefully 
controlled growth of interfaces, the development of these interfaces being one of the 
main technological challenges to be overcome before realistic devices can be 
fabricated. It is crucial for applications and fundamental research to have the 
capability of producing high quality CrO2 interfaces in order to ensure the injection, 
manipulation and detection of spin currents trough the device structure. In fact Stroud 
et al. [40] were the first to demonstrate experimentally a correlation between the 
spin-injection efficiency and a heteroepitaxial interface defect structure. They 
observed an enhance spin-flip scattering and reduction in spin polarization with 
increasing interfacial defects. Therefore, the development of efficient deposition 
techniques to synthesise CrO2 thin films is fundamental. 
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2. Materials properties and synthesis – a review 
In this chapter some of the chemical and physical properties of the most important 
chromium oxides will be presented. The review will concentrate on CrO2, the material 
of interest for this work, Cr2O3 because it develops as a native oxide on the surface of 
CrO2, and CrO3 which was used as chromium precursor in the CVD experiments. The 
CrO2 synthesis (high and low pressure) methods will also be described, particular 
emphasis being given to CVD and LCVD techniques. 
2.1 Materials properties 
2.1.1 Chromium (IV) oxide, CrO2 
 CrO2 is the only stoichiometric binary oxide that is a ferromagnetic (FM) half-
metal (spin-polarization, Pn, of ~ 100%), its Curie temperature of TC = 392 K laying 
well above room temperature (RT). Therefore, it is an interesting material for 
fundamental and application-oriented studies. 
 At atmospheric pressure and high temperature, > 400 ºC, the CrO2 compound 
readily decomposes into Cr2O3 and O2 [1;2]. In vacuum, this decomposition is 
reported to occur at ~177 ºC [3]. Nevertheless, it is possible to grow small crystals 
(10 - 70 μm) and good-quality films, as well as to produce powders (100 × 30 × 30 
nm3) [4] that are sufficiently stable for industrial applications such as recording tapes 
[1].  
 Chromium (IV) oxide has a tetragonal unit cell with a rutile-type structure 
(figure 2.1). The chromium atoms are octahedrally coordinated by oxygen atoms with 
a small distortion to orthorhombic symmetry [1;5;6]. The c-axis lattice parameter 
increases with temperature in the temperature range below 0 ºC, but decreases on 
further heating up to 400 ºC [1]. This trend is shown in figure 2.2. Other properties of 
CrO2 can be found in table 2.1 and table 2.2. 
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Figure 2.1: scheme of the CrO2 rutile crystal structure detailing the "CrO6" octahedral 
arrangement (left panel) and unit cell (right panel) with dark balls representing 
chromium atoms. 
 
Figure 2.2:  Temperature dependence of the lattice parameters a and c, and of 
3 2a c  for CrO2. Adapted from reference [7]. 
a 
b 
c 
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Table 2.1: structural, chemical and thermodynamic properties of CrO2 - rutile phase. 
Structural Data Ref. 
Space group P42/mnm [8] 
Point group D4h
14  
Lattice type Tetrahedral  
z1 2  
Cr position symmetry D2h  
O position symmetry C2v  
a0 (nm) 0.4421  
c0 (nm) 0.2916  
Molecular mass, M (g mol-1) 83.995  
Density, ρ (g cm-3) 4.894  
Chemical   
Cr oxidation state  +4  
Crystalline field Δq (eV)  ~2.5  [4] 
Solubility HNO3 [2] 
Thermodynamic   
Cp at 15 K (mJ mol
-1 K-1) 281; 173  [9]; [10] 
ΔHfº (kJ mol-1) - 598.0 [2] 
(4CrO2 R  2Cr2O3 + O2)   
ΔGº (kcal mol-1) - 0.0155 T + 7.60 [1] 
ΔHº (kcal mol-1) - 8.19 [1] 
ΔSº (kcal mol-1) (-15.8/ T) + 0.0155 [1] 
 It is important to note that the thermodynamic data in table 2.1 for the 
equilibrium reaction: 4CrO2 R  2Cr2O3 + O2, were determined experimentally for 
81 bar < p < 2128 bar. In this pressure range the decomposition of CrO2 occurs for T 
 > 217 ºC (ΔGº < 0) [1].  
 The transport properties values shown in table 2.2 were taken from several 
review papers; as will be shown later, they are much dependent on the preparation 
method and on the substrate used for film growth. It is also important to keep in mind 
the results of the conductivity spectra displayed in figure 2.3. The first interband 
transition at E1 = 2.0 eV (16000 cm-1) is attributed to transitions across the pseudo-
                                          
1 Number of formulas per unit cell. 
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gap in the majority spin density of states (DOS), whereas the resonance at E2 = 3.35 
eV (27000 cm-1) was assigned to excitations across the gap in the minority spin DOS 
(figure 2.4) as a consequence of the nearly complete spin polarization at the Fermi 
energy, EF. 
Table 2.2: electrical, magnetic and optical properties of CrO2 - rutile structure type. 
Electrical Data Ref. 
Residual resistivity, ρ0 ( Ω m) 10-8  [4] 
ρr (300 K) /ρ0 140  [4] 
ρr (300 K, Ω m) 2.5 ×10-4  [11] 
ρr (0 K, Ω m) 5 ×10-6  [11] 
Magnetic   
Curie temperature, Tc (K) 392(6)  [4] 
Theoretical moment μ (μB/CrO2)  2.12 [4] 
μ (A m2 Kg) 140   
μ (kA m-1)  717  
Optical (λ = 248 nm and T = 300 K)    
Colour (metallic) Black  
(perpendicular) Reflectivity3 0.21  [12] 
(perpendicular) Reflectance4 0.44 [13] 
Real dielectric function, ε1 2.9 [12] 
Imaginary dielectric function, ε2 3.8 [12] 
Plasma frequency, ωp (cm-1) 17000; 12000  [4]; [13] 
Interband transition frequency (eV) 2.0 & 3.35  [13] 
Optic phonons (cm-1) 357, 474, 573 [13] 
Absorption coefficient at 420 nm, α (cm-1) ~1.3 × 105 [14] 
                                          
2 The formal electronic configuration of CrO2 is (t2g
2)↑ for Cr4+, and 2p6 for O2- although there is 
some O2- → Cr4+ charge transfer and strong mixing of oxygen hole and chromium electron 
states at EF. The CrO2 ferromagnetic moment corresponds to an integral moment of 2.0 μB/f.u.  
(formula unit) as expected for a half-metal but there is evidence that the Cr moment is actually 
closer to 2.1 μB/f.u. with a compensating moment of -0.1 μB/f.u. on the oxygen, reflecting the 
covalent mixing of Cr t2g
↑ and O 2p states [4]. 
3 Fraction of incident radiation reflected by the surface of a thick film. 
4 Internal reflection effects from thin layers of material. 
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Figure 2.3: frequency-dependent conductivity at 300 K for 
CrO2 films grown on TiO2 (110). Arrows show the frequencies 
of the interband transitions: E1 = 16000 cm
-1 (2.0 eV) and E2 
= 27000 cm-1 (3.35 eV). Adapted from reference [13]. 
 
Figure 2.4: schematic diagram showing the density of states 
(DOS) in half-metallic CrO2 in the vicinity of EF. Characteristic 
energies E1 = 2.0 eV, E2 = 3.35 eV and E3 = 0.06 – 0.25 eV. 
Adapted from reference [13]. 
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 Due to its metastability, chromium (IV) oxide is reported to have an oxidised 
surface consisting of the insulating Cr2O3 – the “native oxide”, with a thickness of 1-3 
nm [15;16]. This surface layer is of major importance when discussing the structural, 
magnetic and electrical transport properties of the films [17;18]. Using local-density 
calculations, van Leuken and de Groot [19] reported that the CrO2 (001) surface 
maintains the half-metallic character whereas, more recently, Gupta and co-authors 
[20], using photoelectron spectroscopy measurements concluded that the CrO2 (110) 
and (100) surfaces are not metallic. 
2.1.2 Chromium (III) oxide, Cr2O3 
 Chromium (III) oxide – also known as chromia, Cr2O3, is also an important 
material regarding industrial applications. It is one of the hardest transition metal 
oxides and a very stable phase [21], resulting from the thermal decomposition of 
CrO2. Depending on the O2 partial pressure during thermal treatment, Cr2O3 is a p-
type or n-type semiconductor. From the point of view of magnetic behaviour, Cr2O3 is 
antiferromagnetic with a Néel temperature (TN) of 307 K [22]; however, the 
antiferromagnetic character can be changed to weak ferromagnetism [23] and even 
superparamagnetism [24] when chromia nanoparticles are considered. Cr2O3 has a 
rhombohedral or hexagonal crystallographic structure (figure 2.5), being isostructural 
to sapphire (corundum type structure) [25]. 
 Regarding the mechanical properties of Cr2O3 the distinguished features are its 
high wear resistance and low friction coefficient. Moreover, it is possible to prepare 
thin films of ~200 nm with good adhesion and a high hardness of 36 GPa [26]. It has 
also a high solar absorption coefficient and low thermal emissivity [27]. In practical 
terms, and making use of some of the reported characteristics, Cr2O3 has been tested 
and used for a variety of applications, such as: 
a) Protective coatings of stainless steel [21], on read-write heads in digital magnetic 
recording units and on gas-bearing applications [28]; 
b) Tunnel barrier in tunnel junctions [29;30]; 
c) Optical applications as electrochromic and absorber material [28]; 
d) Solar thermal energy collectors [27;28]; 
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e) Low reflective films used in black matrix films in liquid crystal displays [27];  
f) Catalyst for the production of commodity chemicals [31;32] and combustion 
engine emission technology [33]; 
g) Constituent of passive films for protecting stainless steel and other high 
performance industrial alloys [34]. 
h) Potential cathode material for lithium batteries [28].  
   
Figure 2.5: Cr2O3 crystal structure (mineral name: eskolaite)  
 Most important concerning this work is the possibility of using Cr2O3 as a CrO2 
surface-decomposed tunnel barrier [35;36]. This method provides a convenient way 
to control the interface properties for tunnelling magnetoresistance (MR). A threefold 
enhancement of the low-field MR was found upon high temperature annealing 
treatments of as-grown polycrystalline films through surface decomposition of CrO2 
into Cr2O3 [35], as well as large negative MR in cold-pressed CrO2 powder compacts 
[15;37]. The characterization of the Cr2O3 surface layer on CrO2 films revealed that 
the later might polarize the former [38]. Due to these properties, the Cr2O3/CrO2 
structure can be useful in applications requiring magneto-transport properties [39]. 
Table 2.3 summarizes some of the chemical and physical properties of Cr2O3. 
Cr 
O
a b 
c 
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Table 2.3: structural, chemical and thermodynamic properties of Cr2O3 eskolaite phase. 
Structural Data Ref. 
Colour Green  
Space group R3-C [8] 
Lattice type Rhombohedral  
z 6  
a0 (nm) 0.495876  
c0 (nm) 1.359420  
Molecular mass, M (g mol-1) 151.99  
Density, ρ (g cm-3) 5.231  
Chemical   
Cr oxidation state +3  
Ligand field splitting Δq (eV)  2.3  [40] 
Egap (eV) 3.0 [16] 
Solubility Strong bases [2] 
Thermodynamic   
Dissociation temperature (ºC) 2275 [2] 
Melting temperature, Tf (ºC) 2330 – 2450 [2] 
Boiling temperature, Tv (ºC) 3000 – 4000 [2] 
ΔGf (kJ mol-1) - 1058.1 [2] 
ΔHf (kJ mol-1) - 1139.7 [2] 
   
2.1.3 Chromium (VI) oxide, CrO3 
 Chromium (VI) oxide - some times called chromic acid, CrO3, is a hygroscopic 
dark red solid composed of infinite chains of CrO4 tetrahedra with shared vertices. It 
has a melting point of 190 – 197 ºC and is unstable above boiling point (250 ºC), 
decomposing into lower oxidation state chromium oxides like Cr8O21, Cr2O5, CrO2, and 
Cr2O3 [41]. The CrO3 compound is a strong oxidizing agent. It is a strong acid as well 
when dissolved in water. Typically, reactions with combustibles, flammables and other 
reducing agents, and with bases, are rapid and violent, even explosive, often resulting 
in fires that are difficult to extinguish. It is known to be carcinogenic and highly 
poisonous [2;41]. Obviously a lot of care must be taken when handling this 
compound. 
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2.2 Methods to synthesise CrO2 
 Several methods utilized to prepare chromium dioxide can be found in the 
literature. They can be grouped into “high” and “low” pressure techniques allowing 
producing either thin films or single crystals of this oxide. Low pressure techniques 
also allow preparing crystalline powders. For both pressure ranges, CrO3 is anyway the 
most widely used precursor. 
2.2.1 High pressure techniques 
 Several chromium oxides have been identified, from which the most common 
and best characterized are the following: CrO3, Cr3O8, Cr8O21, Cr2O5, CrO2, Cr3O4, and 
Cr2O3. These oxides and most certainly others with intermediate compositions result 
from the thermal decomposition of CrO3 in air or in vacuum. This high number of 
compositions obviously makes it hard to isolate pure phases. To achieve this goal 
several temperature vs. pressure studies have been undertaken; in the case of pure 
CrO2 it could only be prepared at low temperature (250 – 325 ºC) under high O2 
pressure conditions (507 to 3040 bar) [1]. In the process of producing CrO2 from CrO3 
a large amount of O2 is given off, which effectively raises the internal pressure and 
maintains the rutile phase growth. Other precursors like CrO2Cl2, H2CrO4, and Cr(NO3)3 
used in combination with various oxidizing or inert atmospheres have had similar 
success in producing CrO2 crystals. The thermal decomposition of CrO3 at high 
pressure of 800 bar was also used to grow CrO2 thin films onto different substrates 
[42]. Furthermore, films were made by rf-sputtering of CrO3 onto LaAlO3 substrates 
and annealed in a high-pressure cell [16]. In table 2.4, the most important high 
pressure experimental methods and conditions are resumed. Despite the ability of 
these methods to grow crystals and films of CrO2, they present some drawbacks, such 
as the impossibility to directly control the work pressure because it is a function of the 
volume of the vessel, the temperature and the mass of the precursor, and the 
difficulty in being integrated into multilayer deposition processes. Some of these 
problems are reflected in the several proposed pressure-temperature phase diagrams 
for the Cr-O binary system which have substantial discrepancies, especially at low 
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pressures where only data extrapolations are available. A few examples are shown in 
figure 2.6 to figure 2.8. The discrepancies at high pressures, as reviewed by Shibasaki 
et al. [43] in figure 2.9, are also due to different starting materials, experimental 
setups and reaction containers, and to difficulties to accurately measure and control 
high pressures.  
Table 2.4: experimental details for “high” pressure techniques used to synthesise CrO2. 
High pressure (>1 bar) 
Method /precursor Experimental conditions Results Reference 
Thermal decomposition of 
CrO3 
Closed vessel 
(590 bar, 600 ºC) 
Single 
crystals 
B. Kubota (1960) [44] 
Hydrothermal 
decomposition of CrO3 
Closed vessel 
(3040 bar, 450 ºC) 
Single 
crystals 
T. J. Swoboda et al. 
(1961) [45] 
Thermal decomposition of 
CrO2Cl2 
Closed vessel 
(12 – 25 bar of O2 at 370 ºC) 
Single 
crystals 
K. J. DeVries (1967) 
[46] 
Oxidation of Cr(OH)3 
Closed vessel 
(80–1520 bar, 400 – 650 ºC) 
Single 
crystals 
Y. Shibasaki et al. 
(1978) [43] 
Decomposition of CrO3 on 
TiO2 single crystals and 
Al2O3 (110) 
Closed vessel 
(800 bar, 425 ºC for 1 hour) 
Thin 
films 
L. Ranno et al. (1997) 
[42] 
RF-sputtering of CrO3 on 
LaAlO3 
Closed vessel 
(100 bar, 390 ºC) 
Thin 
films 
R. Cheng et al. (2001) 
[16] 
 An early review by Chamberland et al. [1] in 1977 is still the most complete 
study about the chemical and physical properties of CrO2 published to date since no 
major achievements about the preparation of this oxide and the Cr–O phase stability 
emerged since then. 
2.2.2 Low pressure techniques 
 Alternatively to the high-pressure methods, low-pressure deposition 
techniques, ≤ 1 bar, are preferred for growing CrO2 films and layered structures since 
they allow much more precise control of the synthesis parameters. However, as 
previously mentioned when analysing the Cr–O phase diagrams (figure 2.9), for the 
low pressure region it is not clear where the stability boundary is. 
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Figure 2.6: Cr–O phase diagram by Kubota, 
1961 [44]. (1 bar = 1.02 Kg cm-2). 
Figure 2.7: Cr–O phase diagram by 
Wilhelmi, 1968 [47]. 
  
Figure 2.8: Cr–O phase diagram 
by Shibasaki et al. (1973) [43].  
(1 bar ~ 1 atm). 
Figure 2.9: Cr–O phase diagrams review 
by Shibasaki et al. (1973) [43]. From 
several sources and their own data (figure 
2.8). Dashed lines are extrapolations. 
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Extrapolation of the most recent data to P = 1 bar results in a temperature of 227 ºC 
for the CrO2/Cr2O3 boundary [43]. It is then easy to conclude that for very low 
pressures, in the limit P → 0, one should expect Cr2O3 to be the most stable phase 
always. Therefore, in order to overcome the thermodynamic impossibility verified at 
low pressure, a special chemical reaction involving a special precursor, special 
substrates and techniques allowing for metastable states to be reached should be 
required for preparing CrO2 films. 
 Several authors studied the decomposition path of CrO3 powder to Cr2O3 at 1 
bar of O2 and proposed several intermediated phases [1]. The most recent thermal 
decomposition pathway was proposed by Ivanov et al. [48] and is presented in figure 
2.10. These authors compiled the available data and updated the stoichiometry of the 
intermediate compounds; in particular they clearly identified the Cr2O5 and Cr8O21 
phases. From this study it was concluded the inexistence of a CrO2 stability plateau. 
Nevertheless, some simple but ingenious chemical routes capable of producing CrO2 
polycrystalline powders were developed by using either a CCl4 solution of CrO3 and 
NH4I/NH4Br in vacuum [49], or the thermal decomposition of a Cr(NO3)3 aqueous 
solution in a TiO2 slurry under nitrogen gas [50]. 
 To overcome the thermodynamic obstacle of CrO2 synthesis and, at the same 
time, to attempt to grow interfaces with epitaxial crystalline quality for testing 
theoretical predictions, several thin films deposition techniques have been used in 
recent years such as Molecular Beam Epitaxy (MBE), Pulsed Laser Deposition (PLD), 
and conventional DC sputtering. Ivanov et al. [48] and Ingle et al. [51] tried to use 
MBE but did not succeed to produce films with any or significant amount of CrO2. On 
the contrary Rabe et al. [52] claimed to have grown textured microcrystalline CrO2 in 
a Cr + O3 atmosphere at T < 100 ºC; unfortunately no working pressure values were 
given as well as no results on the properties of the films, although they announced 
their films to have lower crystallinity and higher resistivity than those deposited by 
chemical vapour deposition (CVD). Also several attempts using PLD were made [53] 
including some by our group at FCUL [54] but films with more than one phase were 
always deposited. Shima et al. [55] needed high temperatures of ~400 ºC to deposit 
CrO2 from Cr2O3 targets. Amorphous CrO2 films were also prepared by DC sputtering, 
no other experimental result being presented [56]. 
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Figure 2.10: thermal decomposition of CrO3 under 1 bar of O2: 
variation of the oxygen content, x in CrO× with increasing temperature. 
From Ivanov et al. [48]. 
 So far, the most successful low pressure technique for the production of CrO2 
films was developed by Ishibashi et al. in 1978 [57;58]. The films were made by 
atmospheric pressure Chemical Vapour Deposition (CVD), and do not demand a 
complex setup, as will be discussed in chapter 6. Since that first experiment, different 
research groups (table 2.5) have used the technique to deposit high quality CrO2 films 
in respect with structural, magnetic, and electrical transport properties. This method 
consists on the thermal decomposition of CrO3 at atmospheric pressure onto a 
substrate at the adequate temperature. In general, the experimental setup comprises 
a two-zone tubular oven where the precursor powder is sublimated at 260 – 280 ºC in 
the first zone, the vapour being transported by an O2 gas flow to the second zone 
where it decomposes onto the substrate surface into CrO2 and supposedly with 
evolution of O2. The films are grown with a relatively high substrate temperature, TS, 
in the range of 390 – 400 ºC and an oxygen carrier gas flow rate, φO2, of 60 –
 500 sccm. 
 Watts [59] and Ivanov [60] simplified the setup by building a single-zone 
tubular oven where the substrate holder is heated separately (see chapter 6). They 
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used Cr8O21 as precursor, which is one of the oxides in the CrO3 –to-Cr2O3 
decomposition chain (figure 2.10). The quality of the films obtained by this method 
was reported to depend critically on the substrate temperature. The successful 
deposition of CrO2 was achieved on sapphire and TiO2 (rutile) substrates. While films 
grown on TiO2 rutile single crystals are highly oriented and pure, films grown on Al2O3 
(0001) are basically CrO2 with incorporation of either the Cr2O3 or the Cr2O5 phases.  
 Despite the recent renovated interest in CrO2, no major improvements on the 
deposition process and on the elucidation of the deposition mechanism have been 
made since the achievements by Ishibashi and co-workers, except for the work by 
Ivanov et al. [48] concerning the study of the direct gas precursor of CrO2. As said 
before, these authors used as precursor the Cr8O21 phase which has a triclinic 
structure built from pairs of edge-sharing Cr(III)O6 octahedra linked together by 
Cr(VI)O4 tetrahedra to form sheets. The sheets are then linked together by 
tetrachromate groups (Cr(VI)4O13) to form a three-dimensional structure [61]. Ivanov 
et al. [48] proposed the diperoxide chromium complex - “CrO4” as the intermediate 
vapour that breaks down into O2 and CrO2 at the hot substrate surface. 
 More recently the liquid precursor CrO2Cl2 has also been used by two different 
research groups (table 2.6), however it requires a more complex setup and leads to 
phase selective deposition between substrates [62-64], besides the possible 
contamination by chlorine. Using TiO2 rutile oriented substrates, CrO2 epitaxial films 
were deposited in the 330 – 400 ºC range for φO2= 20 – 40 sccm; on Al2O3 (0001) 
substrates only Cr2O3 growth was observed [64]. Considering that TiO2 rutile is 
isostructural to CrO2 and Al2O3 to Cr2O3, it is expected that CrO3 is a less substrate 
selective precursor. Furthermore, Stampe et al. [65] reported that films deposited on 
sapphire substrates exhibit better rocking curve widths and a smaller degree of strain 
than those films deposited on rutile, with effects on their physical properties. This was 
also reported by Li et al. [66] regarding the resistivity drop with structural disorder. 
Concerning fundamental studies, industrial applications and economic issues, the Al2O3 
(0001) substrates are advantageous compared to TiO2 single crystals. Therefore, from 
the thermal CVD point of view the deposition using the CrO3/Al2O3 
(precursor/substrate) system seems to be the most wide-range combination for the 
development of high quality CrO2 films. 
Table 2.5: experimental parameters and results for the deposition of CrO2 films by the different groups/authors using the Ishibashi CVD method. 
 
[57;58]  
S. Ishibashi et al.  
[66;67] 
K. Suzuki et al.  
[68] 
J.-J. Liang et al.  
[69] 
S. J. Liu et al.  
[52;70-72] 
G. Güntherodt et al.  
[48;59;60;65] 
S. M. Watts et al.  
[73-75]  
A. Gupta et al.  
Precursor CrO3 CrO3 CrO3 CrO3 CrO3 Cr8O21 CrO3 
T (precursor/ 
oven) (ºC) 
260 260 280 280 260 260 260 – 280 
Substrate 
Al2O3 (0001), TiO2 
(100; 110; 111; 001) 
TiO2 /glass, ZrO2 Si (100) TiO2/ Si (100) 
Al2O3 (0001; 10-10), 
TiO2 (100) 
TiO2 (110), Al2O3 
(0001) 
TiO2 (100; 
110; 001) 
TS (ºC) 390 390 – 410 400 400 390 400 390 – 450 
O2 flux (sccm) 500 500 60 500 500 500 100 
Phase 
Composition 
CrO2 CrO2 
CrO2 
(polycrystalline)  
CrO2 Some Cr2O3 on Al2O3 CrO2 CrO2 
Thickness/ 
deposition rate 
0.04 nm s-1 (TiO2) 0.03 nm s
-1 - 0.05 nm s-1 100 - 200 nm 0.05 nm s-1 40 - 1200 nm 
Table 2.6: experimental parameters used for the deposition of films of CrO2 by the groups/authors 
using the liquid precursor CrO2Cl2. 
 [62;64] W. J. DeSisto et al.  [63] A. Gupta et al.  
Precursor CrO2Cl2 CrO2Cl2 
Carrier gas flux (sccm) 20 – 40 (O2, Ar) 40 (O2) 
Substrate TiO2 (100; 001; 110) TiO2 (100) 
T (substrate/oven) (ºC) 330 – 370 400 
Phase composition CrO2 CrO2 
Deposition rate (nm s-1) 0.01 – 0.055 0.012 
 Table 2.7: main references of “low” pressure techniques for the CrO2 synthesis. 
Low pressure (≤1 bar) 
Method/precursor Experimental conditions Results Ref. 
Sputtering of CrO2 
targets 
In "vacuum" Amorphous CrO2 films [56] N. Heiman et al. (1979) 
CrO3 + NH4I(Br) in CCl4 
Thermal treatment at 120–150 ºC in 
vacuum + sintering at 195 ºC 
Crystalline powder [49] K. Ramesha et al. (1999) 
Thermal treatment of 
Cr(NO3)3 
N2 flux at 320 ºC and ~1 bar + 
sintering at 320 ºC in O2 
Particles <1 μm [50] R. Egdell et al. (1999) 
Cr evaporation by MBE 
O2 atomic flux (partial pressure of 10
-3 
mbar) 
Films of CrO2/Cr2O3/CrO3  [51] N. J. C. Ingle et al. (2001) 
Cr evaporation by MBE 
Deposition at T > 100 ºC with O3 
P = n. a. 
Textured films on Al2O3 (0001) and TiO2 (110) [52] M. Rabe et al. (2002) 
PLD from Cr2O3 targets 
Deposition at 390 ºC, 6×10-4 – 0.07 
mbar (O2 , KrF laser) 
Polycrystalline films on LaAlO3 and Si (111) [55] M. Shima et al. (2002) 
PLD from Cr8O21 targets 
Deposition at RT and 1.3×10-2 mbar 
(O2) with a KrF laser 
Mixture/CrO2 films on Si (100) [54] N. Popovici et al. (2004) 
PLD from Cr8O21 targets 
Deposition at RT and 0.13 mbar (O2) 
with a KrF laser 
Mixture/CrO2 films on Al2O3 (0001) [53] D. Stanoi et al. (2005) 
CVD from CrO2Cl2 
Deposition at 330 – 370 ºC and 1 bar 
with O2 carrier gas 
Epitaxial films on rutile TiO2 (110) [64] Y.-N. Choo et al. (2003) 
CVD from Cr8O21 
Deposition at 390 ºC and 1 bar with 
O2 carrier gas 
Oriented films on Al2O3 (0001) [48] P. G. Ivanov et al. (2001) 
CVD from CrO3 
Deposition at 390 ºC and 1 bar with 
O2 carrier gas 
Oriented films on Al2O3 (0001) and TiO2 (110) [57] S. Ishibashi et al. (1978) 
LCVD from Cr(CO)6 
Deposition at RT and 10-1 mbar (O2) 
with an N2 laser  
Films of CrO2/Cr2O3 on Silicon [76] P. A. Dowben et al. (2001) 
LCVD from Cr(CO)6 
Deposition at RT and 10-5 mbar (O2) 
with an N2 laser  
Films of CrO2/Cr2O3 on Si (111) [77] P. A. Dowben et al. (2001) 
2. Materials properties and synthesis – a review 
 31 
 In a series of papers [76-79] and a US patent (nº. 4,980,198), Dowben et al.  
presented very promising results towards the deposition of CrO2 by Laser-assisted 
Chemical Vapour Deposition (LCVD) at RT using chromium hexacarbonyl, Cr(CO)6. 
This reagent was initially used in studies for the deposition of refractory metallic films 
using UV lasers [80;81]. Actually, those authors were able to deposit a mixture of 
CrO2 and Cr2O3 (not given ratio). The higher the O2 partial pressure relative to 
Cr(CO)6, the higher the CrO2 content, although low total working pressures (~10-5 
mbar) were reported to be the most favourable to the growth of CrO2. Since structural 
characterization could not be carried out on the samples, the CrO2 content was 
checked using the magnetization vs. temperature curves. The authors worked in static 
gas regime and used a pulsed (10 Hz) nitrogen laser (λ = 337 nm, 3.7 eV) focused on 
water cooled Si (111) substrates which temperature (15 − 42 ºC) was reported to be 
essential for optimum results. Experiments during 3 to 48 hours were performed at 
laser fluences of 536 mJ cm-2.  
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Figure 2.11: low temperature and low pressure (P ≤ 1 bar) 
deposition of CrO2 points from several authors; C: [64]; I: 
[48;57], S: [55]; D1: [76]; D2 [77] and N: [54].  
 Table 2.7 summarises the several low pressure techniques used to produce 
CrO2 and the corresponding authors, which were able to overcome the stability barrier 
although with somewhat different success. Figure 2.11 displays the working pressure 
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and substrate temperature combinations taken from the previous table. It should be 
noted that phase purity of all “points” is not comparable. Apparently, as discussed 
above, low pressure is required for low temperature deposition of CrO2. 
2.3 Summary 
 Chromium dioxide is a metastable phase that can only be prepared at high 
pressure conditions; preparation at low pressure requires special chemical reactions 
involving a special precursor, special substrates and techniques.  
 Although the achievements of the conventional thermal CVD to producing high 
quality CrO2 films from the CrO3 precursor, the fundamental phenomena involved in 
this method are still basically unknown making this research topic very challenging. 
Questions related to the deposition mechanism and the effect of deposition 
parameters, mainly substrate temperature, TS, and oxygen carrier gas flow rate, φO2, 
on phase composition, kinetics, and films quality in general are unknown. 
 Furthermore, the review presented here clearly shows that laser-assisted CVD 
is a technique not yet very much explored in what concerns the deposition of CrO2, 
with good prospects for success even though the complexity of the process. 
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3. Fundamentals of CVD and LCVD techniques 
In this chapter basic phenomena related to thermodynamics, kinetics and mass 
transport of chemical vapour deposition (CVD) processes will be briefly presented. The 
laser-assisted CVD (LCVD) principles involved in the deposition of CrO2 thin films on 
sapphire using a KrF pulsed laser (λ = 248 nm) and chromium hexacarbonyl 
precursor, Cr(CO)6, and the physical and chemical processes expected to occur during 
the deposition will be also discussed. Some of the advantages and applications of the 
CVD and LCVD techniques will be shown. 
3.1 Chemical vapour deposition 
3.1.1 Definition 
 Chemical Vapour Deposition (CVD) involves the dissociation and/or chemical 
reactions of gaseous reactants which might be in an activated (heat, light, plasma) 
environment, followed by the formation of a stable solid product that deposits on a 
suitable placed substrate which might be heated. It belongs to the class of vapour 
transfer processes that are atomistic in nature, in other words the deposition species 
may be atoms or molecules or a combination of those [1;2]. The deposition involves 
homogeneous gas phase reactions, which occur in the gas phase, and/or 
heterogeneous chemical reactions which occur on/near the vicinity of an activated 
surface leading to the formation of powders or films, respectively [3;4]. In 
conventional CVD, also designated by thermal CVD, a heat source is utilised to 
activate the chemical reaction. 
3.1.2 Background 
 CVD is a relatively mature technique. The industrial exploitation of CVD can be 
traced back to a patent by De Lodyguine in 1893 [5]. The CVD process was developed 
as an economically viable industrial process in the field of extraction and 
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pyrometallurgy for the production of high purity refractory metals. However, it is only 
in the past 40 years that a considerable in-depth understanding of the process has 
been achieved and an increasing number of applications have been developed. CVD 
technology subsequently took on new dimensions with emphasis on the deposition 
aspects of the process. Such change of focus from extraction to deposition has made 
CVD an important technique in coating technology. 
  In the early 1970s, CVD has attained significant success in the manufacturing 
of electronic semiconductors and protective coatings for electronic circuits and tools 
used in the metalomechanics industry. This has supported the subsequent rapid 
expansion of CVD technology into many other areas of ceramic processing especially 
in advanced ceramics. 
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Figure 3.1: number of papers found on the B-on 
database in the last 18 years using the keyword “CVD”. 
 
  The interest in recent years of the scientific community for the CVD deposition 
technique can be inferred from the graph in figure 3.1. The growing number of 
publications is very significant, which leads us to believe that this deposition technique 
continues to be a field to explore yielding very successful results. 
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3.1.3 Advantages of CVD 
 Although conventional CVD is a complex chemical system, it has the following 
main advantages over other deposition methods [4]: 
a) The capability of producing highly dense and pure materials; 
b) The capability of producing uniform and reproducible films with good adhesion; 
c) It is a non-line-of-sight process with good throwing power;  
d) The ability to control crystal structure, surface morphology and orientation of the 
solid products by controlling the process parameters; 
e) The flexibility of using a wide range of chemical precursors which enable the 
deposition of a large spectrum of materials; 
f) It is an economically competitive method. 
3.1.4 Thin film and coating applications   
 The advantages of CVD outweigh its limitations from which the most obvious 
are the high temperatures often required. In general, CVD is a versatile deposition 
technique. It became one of the main processing methods for the deposition of 
amorphous, single-crystalline and polycrystalline thin films and coatings for a wide 
range of applications. Examples include [4]: 
a) Semiconductors for microelectronics, optoelectronics and energy conversion 
devices; 
b) Dielectrics for microelectronics; 
c) Metallic films for electronics; 
d) Ceramic materials used as hard coatings for protection against wear and thermal 
shock (refractory coatings), as corrosion and oxidation resistant coatings, as 
neutron absorbers or as diffusion barriers (sacrificial layers); 
e) Ceramic fibres and ceramic matrix composites.  
 The recent development of CVD variants have enabled the deposition of multi-
component films with well controlled stoichiometry and microstructure. They have the 
potential of widening the CVD applications for the deposition of ferroelectrics, 
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superconductors and perovskite materials. In addition, there is a wide scope to 
explore the potential applications of CVD in the emerging areas of nano-structured 
materials, free standing shapes and rapid prototyping. 
3.1.5 Thermodynamics, kinetics and mass transport phenomena  
 The analysis of a CVD process is based on the understanding of the 
thermodynamics, chemical kinetics and mass transport phenomena governing that 
process. However, CVD is a complex chemical system that most often involves non-
equilibrium reactions, the process being essentially determined by its chemical kinetics 
and the dynamics of the gas phase.  
 The thermodynamic study of the phase equilibria during a CVD process 
provides a basic understanding of the process prior to designing suitable deposition 
experiments and a useful guideline for the selection of experimental conditions. Prior 
to a CVD growth experiment, it is essential to determine the feasibility of the CVD 
reaction, and the nature and amount of the solid and gaseous species present in the 
system. These can be determined from the calculation of the thermodynamic 
equilibrium (i.e. the equilibrium partial pressures of the system species) at a given set 
of processing conditions such as deposition temperature, pressure and reactant 
concentration.  
 At constant temperature and pressure, the change in the Gibbs free energy of 
the reaction process, rGΔ , for a given composition of the reactants, assesses the 
viability of the proposed chemical reaction. This quantity must be distinguished from 
the standard reaction Gibbs energy, 0rGΔ , which is the change per mole of reaction 
when the reactants and products are all in their standard states. The general Gibbs 
function is used to express the direction of spontaneous change at any stage of 
reaction. For rGΔ < 0, the reaction progresses spontaneously in the direct direction 
(reactants Æ products). Considering a perfect gas system, the Gibbs free energy 
change can be related with the ratio of partial pressures, called the reaction quotient, 
Qp, by [6]: 
0
r r plnG G RT QΔ = Δ +  eq. 3.1 
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where R is the universal gas constant. The standard Gibbs energy for an isothermal 
process, 0rGΔ , which is the difference of the standard chemical potentials of the 
products and reactants can be obtained from the JANAF tables [7] of standard Gibbs 
energy of formation, 0fGΔ , for both reactants and products, as follows: 
o o o
r i f,i i f,i
i i
(products) (reactants)G v G v GΔ = Δ − Δ∑ ∑  eq. 3.2 
where the vi’s are the stoichiometric coefficients. If 0fGΔ  values are not available but 
standard entalpy, 0fHΔ , and entropy, 0fSΔ , are known, the calculation can be made 
using the following thermodynamic relation:  
ΔG = ΔH – TΔS eq. 3.3 
 If chemical reaction equilibrium prevails in the CVD reactor, then rGΔ = 0 and 
the value of the reaction quotient at equilibrium is called the equilibrium constant, Kp, 
which can be related with tabulated thermodynamic data by using eq. 3.1: 
0
r plnG RT KΔ = −  eq. 3.4 
At a given temperature, pressure and inlet concentration of the reactants, the 
composition and amount of the solid products can be determined using 
thermodynamic principles. In addition, the possibility of multiple reactions, and the 
existence of multiple solid phases and their composition can be determined using 
equilibrium thermodynamics. However, this equilibrium occurs rarely in a CVD reactor 
and the values of the quantities calculated should be viewed as theoretical limiting 
values. Thermodynamics does not consider questions related to the velocity of the 
reaction and resulting film growth rate [2;8]. 
 Transport phenomena comprise fluid dynamics, i.e. fluid flow, mass transfer 
and heat transfer of the reactants from the vapour precursor supply unit into the 
reactor, mass transport of the reactants near the substrate surface, diffusion through 
the boundary layer created over the substrate surface, desorption of the by-products 
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from the substrate surface, and transport of the by-products away from the substrate. 
The main parameters that affect the nature of gas flow in CVD reactors are [4]: 
a) Reactor temperature and temperature distribution in the system; 
b) Reactor pressure; 
c) Gas flow rate; 
d) Properties of the gas phase (e.g. density and viscosity); 
e) Reactor geometry. 
 Complex reactor geometry and a large thermal gradient between the inlet and 
the reaction zone influence the transport phenomena. Basic fluid mechanics concepts 
can be applied to CVD to describe the fluid dynamics and the mass transfer in the gas 
phase. The fluid flow in a CVD process can be characterised by several dimensionless 
parameters such as the Knudsen number, Kn, and the Reynolds number, Re. Kn is a 
dimensionless number defined by 
Kn
L
λ=  eq. 3.5 
where λ  stands for the molecular mean free path length and L is a characteristic 
length or hydraulic diameter (2r for a circular tube). The Knudsen number is useful for 
determining whether statistical mechanics or the continuum mechanics formulation of 
fluid dynamics should be used [4]. If Kn ≥ 1, the mean free path of the molecules is 
comparable to the length scale of the system and the continuum assumption is no 
longer a good approximation. In this case statistical methods must be used. 
 Reynolds number is a dimensionless parameter that characterizes the flow of a 
fluid. It is defined as the ratio of inertial forces (vsρ) to viscous forces (μ/L), 
Re s s
v L v L
v
ρ
μ= =  eq. 3.6 
where vs is the mean fluid velocity, μ is the (absolute) dynamic fluid viscosity and ν is 
the kinematic fluid viscosity (ν = μ/ρ, ρ is the fluid density). Consequently, it 
quantifies the relative importance of these two types of forces for given flow 
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conditions. Thus, it is used to identify different flow regimes, such as laminar or 
turbulent flow (Re > 2100) [1;9]. 
 The rate of mass transport is dependent on the concentration of reactants, the 
diffusivity of the active species, and the thickness of the boundary layer, δ(x), which is 
defined as the distance where the velocity of the gas increases from zero at the 
surface to its bulk value. This boundary layer increases in thickness with distance 
along a surface or plate. The thickness of the boundary layer is inversely proportional 
to the square root of Re as follows [2]: 
( ) 5 Rexx xδ =  eq. 3.7 
The average boundary layer thickness over a surface of length L (plate) is given by: 
0
1 10
( )
3 Re
L
L
L
x dx
L
δ δ= =∫  eq. 3.8 
Because both gaseous reactants and by-products must pass through the boundary 
layer separating the laminar stream and film deposit, low values of δ  are desirable for 
enhancing mass-transport rates. If the thickness of a film decreases as the distance 
from the tube inlet increases (due to increasing boundary layer) the offset can be 
made by tilting the substrate. A more constant thickness can be obtained for the angle 
y given by: 
( )L
y arctg
L
δ⎛ ⎞= ⎜ ⎟⎝ ⎠
 eq. 3.9 
 We have described above how the reactants reach the deposition surface (mass 
transport mechanism) and also what solid phases to expect from the chemical reaction 
at a given temperature. Next, we discuss the factors controlling the growth rate of the 
deposit. The kinetics of a CVD process involves chemical reactions in the gas phase, 
on the substrate surface, chemisorption and desorption. The overall reaction rate is 
limited by the slowest reaction step.  
 The effect of substrate temperature in a CVD process can be given by a simple 
model where there is a drop in concentration of the reactant from the bulk of the gas 
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to the interface with the substrate, (Cg - Cs). The corresponding mass flux (in 
molecules per area and per time unit) is given by: Jgs = hg (Cg - Cs), where hg is the 
mass-transfer coefficient. The flux consumed by the reaction taking place at the 
surface of the growing film is approximated by: Js = ks Cs, where first-order kinetics is 
assumed and ks (in length per time unit) is the rate for surface reaction. In the steady 
state, Jgs = Js, and then [2]: 
1 /
g
s
s g
C
C
k h
= +  eq. 3.10 
This formula predicts that the surface concentration, Cs, drops to zero if ks >> hg, a 
condition referred to as mass-transfer control. Low gas transport through the 
boundary layer limits the otherwise rapid surface reaction. When hg >> ks surface 
reaction control dominates, in which case Cs approaches Cg. The film growth rate, G 
(in length per time unit), is given by G = Js / No, where No is the atomic density or 
number of atoms incorporated into the film per unit volume. Therefore: 
0
s g g
s g
k h C
G
k h N
= +   eq. 3.11 
The temperature dependence of G hinges on the properties of ks and hg. A Boltzman 
factor behaviour dominates the temperature dependence of ks. In comparison, the 
factor hg is relatively insensitive to variations in temperature [2].  
 The factor controlling the growth rate of a deposit or the limiting step can be 
determined by: a) the surface reaction kinetics, b) the mass transport, or c) the gas-
phase kinetics (a more uncommon occurrence). A scheme of the conditions for which 
the most common rate limiting steps in a CVD reaction occur are presented in figure 
3.2. In case of control by surface reaction kinetics, the rate is dependent on the 
amount of reactant gases available. In systems working at low temperature and 
pressure, the reaction occurs slowly (low temperature) and there is a surplus of 
reactants at the surface since the boundary layer is thin (low pressure), the diffusion 
coefficients are large and the reactants reach the deposition surface with ease. In case 
of control by mass transport which occurs when pressure and temperature are high, 
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the controlling factors are the diffusion rate of the reactants through the boundary 
layer and the diffusion out through this layer of the gaseous by-products. The 
boundary layer in this case is thicker (low gas velocity) making it more difficult for the 
reactants to reach the deposition surface although the decomposition reaction occurs 
more rapidly since the temperature is higher [1]. 
a) surface reaction control  b) diffusion or mass transport control 
High gas velocity Low pressure
Low temperature
Very thin boundary layer
Rapid diffusion
Substrate
 
Substrate
Thick boundary layer
High pressure
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Figure 3.2: rate limiting steps in a CVD reaction [1]. 
3.2 Laser-assisted CVD 
 3.2.1 Definition 
 Laser-assisted Chemical Vapour Deposition (LCVD) is a technique for depositing 
thin films of a wide variety of materials, on a substrate, by inducing chemical reactions 
in a suitable gaseous atmosphere with the help of a laser beam. The LCVD process can 
be classified as pyrolytic or photolytic depending on the chemical reaction mechanism 
involved. 
 In a photolytic process, the laser beam interacts primarily with the precursor 
reactants, which by photonic absorption induce the break of chemical bonds and 
eventually the formation of new ones, leading to the final product which is the film 
material that deposits on the substrate surface. Since the substrate does not have to 
be heated up to the usual chemical reaction temperature, the films can be deposited 
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at a lower temperature using photolytic LVCD than in the conventional deposition 
techniques. This feature minimizes residual stress and impurity redistribution on 
thermally sensitive substrates. 
 In the LCVD pyrolytic process, the laser beam interacts mainly with the 
substrate producing a localized hot spot where thermal-assisted chemical reactions 
take place resulting in the final product, the film material that sticks to the substrate 
surface due to chemisorption. The chemical reactions among the precursors must 
occur at a temperature below the melting temperature of the substrate. Sometimes, 
the energy radiated by the hot spot can heat up the reactants, inducing chemical 
reactions above the substrate surface. As the reactants can be raised to a very high 
temperature in a small volume over a short time by using a laser beam, novel reaction 
products due to different reaction pathways are expected in pyrolytic LCVD processes 
compared to the reaction products obtained by conventional heating. 
 The two mechanisms discussed can simultaneously contribute to the reaction, 
but generally, one of them dominates over the other one [10]. 
3.2.2 Background 
  The photochemistry of many molecules used for deposition or etching was 
investigated as early as in the 1930’s [11]. However, low reaction rates resulting from 
the low power densities of conventional light sources in the UV (ultraviolet) region 
severely limited potential applications. The situation changed with the improvements 
in laser techniques and the development of excimer lasers in the 1970’s. The potential 
advances of laser-induced microchemistry particularly with respect to application in 
microelectronics have lead to an increasing interest in this field [12;13]. Indeed, the 
number of publications citing the LCVD technique has been continuously increasing 
over the last 10 years (figure 3.3). 
3.2.3 Advantages of LCVD 
 For many of the chemical reactions used in the deposition of materials with 
interesting properties, the chemical reaction threshold temperatures are relatively high 
limiting the ability to coat heat-sensitive substrates. Whenever selective area growth  
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Figure 3.3: number of papers found on the B-on database in 
the last 18 years using the keywords “laser CVD” and “LCVD”. 
is needed and/or heat-sensitive substrates are employed, the use of a laser beam to 
induce CVD is advantageous, overcoming the main drawbacks of CVD. These 
advantages of LCVD over CVD are then [3]: 
g) Spatial resolution of the deposited material;  
h) Limited distortion of the substrate avoiding deleterious effect on bulk material 
properties; 
i) High purity films due to smaller heat affected zone;  
j) Greater control of the grain size due to rapid non-equilibrium heating and cooling 
rates;  
k) Ease of processing at 3D; 
l) Deposition rate enhancement. 
3.2.4 Applications of LCVD 
 LCVD was extensively investigated in the last two decades and a wide variety 
of metals, semiconductors and insulators have been deposited, mainly for 
microelectronic applications as a direct writing tool e.g., electrical contacts, repair of 
open-circuits and lithographic masks, and interconnecting discrete regions on modules 
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or integrated circuits. However, the use of LCVD as a deposition method is beyond the 
microelectronic field and may be successfully employed to deposit a vast diversity of 
materials useful in other technological branches namely hard thin films and coatings 
[14;15]. Also the capability of fabricating fibres or more complex three-dimensional 
microstructures has been successfully explored [3;10;13;16]. 
3.3 UV laser-assisted CVD of Cr(CO)6 
 Among the commercially available chemical chromium precursors, the use of 
chromium hexacarbonyl, Cr(CO)6, is particularly adequate for the UV photodeposition 
of CrO2 due to:  
a) The high vapour pressure allowing for an ease transport in the gas phase;  
b) The strong absorption coefficient for UV radiation in a broad range of wavelength 
from 200 to 300 nm;  
c) The Cr–CO bond is preferentially broken in the presence of UV radiation.  
These and some other properties that justify the selection of this chromium precursor, 
as well as the choice of Al2O3 (0001) as deposition substrate, are further discussed 
next. Since molecular oxygen will be used in the reactive atmosphere as an oxidant, 
its essential properties useful for this work will also be discussed.  
3.3.1 Physical and chemical properties of Cr(CO)6 
 Chromium hexacarbonyl is a stable white solid but incompatible with strong 
oxidizing agents. At room temperature (RT) it presents a vapour pressure of 
~0.4 mbar. The experimental vapour pressure versus temperature data, in the range 
393 - 313 K, were fitted by Windsor and Blanchard [17] according to the following 
equation: Log10 P(Torr) = 10.63 - 3285/ T(K) (figure 3.4). Using the Clausius-
Clapeyron approximated equation: 
2
ln V Vd p H
dT RT
Δ=    eq. 3.12 
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a heat of vaporization, ΔHv of 15.2 kcal can be estimated for Cr(CO)6. Furthermore, 
Cr(CO)6 can easily decompose under solar light irradiation [18]. 
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Figure 3.4: Cr(CO)6 vapour pressure (1 Torr = 1.333 mbar) [17]. 
 Table 3.1 presents some physical, chemical and thermodynamic properties of 
this organometallic complex while its octahedral crystal structure is represented in 
figure 3.5. 
Table 3.1: properties of Cr(CO)6 at RT. 
Properties Data Ref. 
Chromium oxidation state 0 (3d6)  
Molecular mass, M (g mol-1) 220.06  
Density, ρ (g cm-3) 1.77 [19] 
Fusion temperature, Tf (ºC) 110  
Boiling temperature TB(ºC) 210  
Water solubility (g ml-1) < 0.1  
Bond length Cr–C (nm) 0.192 [20] 
Bond length C–O (nm) 0.117 [20] 
ΔH (298 K, Cr–CO) (kcal mol-1) 154  [21] 
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 Carbonyls are compounds that contain carbon monoxide (C≡O) as a 
coordinated ligand. CO is a common ligand in the transition elements chemistry, in 
part due to the synergistic nature of its bonding to transition metals. The bonding CO–
M (“M” stands for transition metal) can be described as consisting of two components. 
The first component is a two electron donation of the lone pair on carbon into a vacant 
metal d-orbital (σ donation). This electron donation makes the metal more electron 
rich, and in order to compensate for this increased electron density, the filled metal d-
orbital may interact with the empty π* orbital on the carbonyl ligand to relieve itself of 
the added electron density. This second component is called π-backbonding. The more 
the σ-donation by the carbonyl, the stronger the π-backbonding interaction is. As we 
might expect, as σ-backbonding becomes stronger, the CO bond order should 
decrease from that of the free ligand.  
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Figure 3.5: structure of the Cr(CO)6 molecule. 
 
 
Figure 3.6: scheme of the a) σ donation and b) π-backbonding of carbonyl complexes. 
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3.3.2 Cr(CO)6 photochemistry 
 Photolytic LCVD involves photochemical reactions. The molecules are 
electronically excited due to the absorption of photons, and only those molecules 
which absorb photons undergo chemical changes. Selective chemistry can be achieved 
by laser wavelength tuning. The photochemical reactions can occur at temperatures 
lower than the temperatures required for thermal reactions and because of that the 
reaction products can be different. Thus photolysis can be used to develop new 
materials and to investigate the chemistry of highly unstable molecules. 
 When visible light or UV radiation is absorbed by a gaseous molecule either it 
dissociates or attains an electronically excited state which is usually not in thermal 
equilibrium with the surroundings. The electronically excited molecules lose energy by 
photophysical or photochemical processes as depicted in figure 3.7. Photolysis is a 
photochemical process where the absorption of radiation leads to the formation of 
excited species and the subsequent production of atoms and radicals. 
 
Figure 3.7: various phenomena associated with the interactions of radiation with matter. 
From reference [10]. 
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 Absorption is observed as a decrease of the number of photons in the beam 
while transmitting in the material. In linear optics the incremental decrease of the 
intensity Iλ (W cm-2), in a given direction x, is proportional to the intensity itself: 
dIλ (x) = -α Iλ(x), with the absorption coefficient, α, measured in cm-1; α is usually a 
function of the wavelength λ and is related to the imaginary part of the refractive 
index of the media. The integration of this equation is known as the Beer-Lambert law 
describing the linear absorption (one photon) for a gaseous medium: 
0
dI I e α−=  eq. 3.13 
where I0 is the incident radiation intensity, I the transmitted intensity, and d is the 
absorption path length (cm). The absorption coefficient depends on the material 
parameters such as concentration, temperature and pressure. Thus α can also be 
expressed by α = σ c, where σ is the absorption cross-section (cm2) and c the particle 
density (particles/cm3) [22]: 
0
cdI I e σ−=  eq. 3.14 
The absorption cross-section describes the degree to which power is absorbed by a 
given gas but not the manner in which the energy is disposed. Furthermore, although 
σ is generally easily measured, the products and their relative yields are difficult to 
ascertain. The quantum yield is a very important quantity for analysing photochemical 
reactions. If a reactant A undergoes a photochemical reaction to produce B, then the 
quantum yield of the product B is defined as [10]: 
nº of molecules of  produced per unit volume per unit time
nº of photons absorbed by  per unit volume per unit timeB
B
A
φ =
 
eq. 3.15 
  For low intensities, the average number of dissociated molecules is proportional 
to the laser fluence. When the interaction of photons with the reactant molecules is 
linear, the number of excited or dissociated molecules is found to be independent of 
whether pulsed or continuous wave laser radiation is used. The effective dissociation 
cross-section, σd, is given by [10]: 
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dσ ησ=   eq. 3.16 
The dissociation yield, η, depends on the sort of reactant and carrier gas molecules 
and on the pressure inside the reaction chamber. 
 From the UV/visible electronic spectra of Cr(CO)6 in the gas-phase, recorded at 
low intensity, corresponding to the absorption of one photon (figure 3.8), two low 
intensity shoulders at ~320 nm and ~195 nm (not shown) and two intensity maxima 
at ~230 nm and ~275 nm can be found. The last two peaks arise from 1A1g – 1T1u 
transitions, assigned to the metal-ligand charge transfer states in which an electron is 
promoted from a Cr localized molecular orbital to a π* molecular orbital mainly located 
in the carbonyl ligand. These states are then classed as dissociative excited states of 
Cr(CO)6 [23-26]. They provide a clearly justification for the use of UV radiation, 
namely the KrF excimer laser radiation (λ = 248 nm) for the photodecomposition of 
the precursor in the gas phase. 
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Figure 3.8: gas-phase Cr(CO)6 absorption spectrum of 
one photon. From reference [25]. 
  The gas-phase photodissociation of metal carbonyls to metal atoms and carbon 
monoxide (CO) is well known. Experiments have shown that the dissociation of the 
carbonyls to ground and excited-state metal atoms (Cr*) is efficient relative to 
3. Fundamentals of CVD and LCVD techniques 
 
 
50 
competing ionization processes. The distribution of excited states of the Cr atoms is 
wavelength dependent, giving rise to different yields of Cr ground state (7S3), Cr* and 
even Cr+ ions at the shorter wavelengths [27]. A simplified photochemical reaction can 
be given by the following equation: 
Cr(CO)6 (g) + hν → Cr (g) + 6CO (g) eq. 3.17 
At λ = 248 nm there is evidence that the dissociation of the carbonyls to Cr* can 
occur via two processes; a direct process, where Cr(CO)6 is excited into a dissociative 
continuum, and a sequential process, where a Cr(CO)4 intermediate photoproduct, 
shown in figure 3.9, absorbs an additional photon to produce Cr* [28]. At laser 
fluences lower than 3 mJ cm-2 and λ = 248 nm, single-photon dissociation of Cr(CO)6 
in the gas-phase yields a distribution of Cr(CO)x photoproducts, with Cr(CO)4† 
(vibrationally hot) formed as the major product (~73 %) [28], suggesting that Cr* 
may be formed by the following reactions: 
Cr(CO)6 (g) + hν1 1k⎯⎯→  Cr(CO)4† (g) + 2CO (g) eq. 3.18 
Cr(CO)4† (g) + hν2 2k⎯⎯→  Cr* (g) + 4CO (g) eq. 3.19 
where ν1 and ν2 refer to the first and second photons, respectively. Two higher energy 
Cr* states are apparently produced by the non-sequential process, involving direct 
excitation of Cr(CO)6 into a dissociative continuum while two lower energy Cr* were 
found to be formed by a sequential mechanism, via a Cr(CO)4 intermediate [28]. The 
initial multiphoton absorption to a resonant dissociative state leads to rapid absorption 
of additional photons and further dissociation to Cr atoms. The first dissociative 
excited state of Cr(CO)6 lies at an energy of ~35800 cm-1 above the ground state. 
Complete dissociation to Cr + 6CO requires ~82000 cm-1 of energy, in other words 2 
photons at 248 nm [23]. It is worth noting that during the reactions described above 
the chromium formal oxidation state remains zero, which is characteristic of a neutral 
dissociation reaction.   
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 In table 3.2 the gas-phase absorption cross-section at RT for different 
wavelengths (and laser types) of Cr(CO)6 and Cr(CO)4 are presented.  
Cr
C
O
C
OC
O
C
O
 
Figure 3.9: scheme of the Cr(CO)4 
molecule structure, C2v symmetry. 
Table 3.2: Cr(CO)x absorption cross-section at RT for different laser types [23;26]. 
λ (nm)/laser type 193/ArF 248/KrF 257/Ar
+ 
Frequency-doubled 308/XeCl 
Cr(CO)6 (cm
2) (2.6–1.2)×10-17 (5.0–3.3)×10-17 2.5×10-17 (5.5–5.2)×10-18 
Cr(CO)4 (cm
2) n.a. 1.5×10-16 n.a. n.a. 
 Multiphoton processes open up additional excitation/dissociation paths and 
thereby permit one to use the laser radiation at a particular wavelength more 
efficiently or to use a much wider variety of precursor molecules. The number of 
molecules excited in a multiphoton process depends nonlinearly on photon flux. For 
the absorption of n photons, the rate ℜ  at which photodissociation of the reactant 
molecules occur can be given by [29]: 
( )n
n
I
hv
σ ⎛ ⎞ℜ = ⎜ ⎟⎝ ⎠  eq. 3.20 
where σ(n) is the nth-order absorption cross-section, expressed in units of cm2n sn-1. It 
is important to note also the strong nonlinearity of the absorption for more than one 
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photon (n>1). The nth-order absorption cross-section, as far as we know, is unknown 
for Cr(CO)6. 
  When operating in a pressure regime where collisions are important, the 
statistical fragmentation processes that follow the initial photodissociation event may 
be inhibited by collisional vibrational relaxation of the photoproducts. More extensive 
dissociation may thus be observed in photodissociation experiments performed in the 
absence of collisions [18]. 
3.3.3 Molecular Oxygen photochemistry 
 With a melting point at -183°C, oxygen is a colourless, odourless, and tasteless 
gas. It is highly oxidizing, accepting electrons from another substance during 
reaction, and reacts vigorously with combustible materials, especially in its pure state, 
releasing heat in the reaction process. It is known that in the wavelength region of 
240 – 300 nm, the absorption spectrum of molecular oxygen presents a series of weak 
bands (the Herzberg bands) superposed on pressure-dependent diffuse bands (the 
Wulf bands). At shorter wavelengths, λ < 240 nm, the bands converge to a continuum 
(the Herzberg continuum) corresponding to dissociation into atomic oxygen and 
subsequently the production of ozone molecules, O3 [30]. Figure 3.10 displays the 
absorption spectrum of O2, between 204 and 240 nm, released by the NASA Panel for 
Data Evaluation [31]. The O2 absorption cross-section for laser radiation at 248 nm is 
< 1×10-24 cm2 therefore it can be neglected as compared to the Cr(CO)6 absorption 
cross-section of ~10-17 cm2. However, increased excitation and consequent reactivity 
of O2 might be expected. 
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Figure 3.10: absorption cross-section of O2 in the UV 
region. From reference [31]. 
3.3.4 Chromium gas phase chemistry 
 The atomic chromium reaction kinetics with oxygen in the gas phase was 
studied by several authors [27;32;33] using mainly argon as buffer gas. It was 
determined that at RT the oxidation reaction of Cr in the ground state (7S3) proceeds 
via a termolecular association path (simultaneous collision) with O2 and Ar, leading to 
the formation of mainly CrO2 as shown in eq. 3.21. This molecule in the gas phase 
makes an angle of 110 – 112º [7;33]. 
Cr (g) + O2 (g) + Ar (g) 
3k⎯⎯→  CrO2 (g) + Ar (g) eq. 3.21 
 For the 800 – 2500 K temperature range a purely bimolecular reaction takes 
place [32]: Cr + O2 → CrO + O.  
 In addition to the several kinetic studies, Dowben et al. [34] built a 
thermodynamic cycle for the decomposition of Cr(CO)6 under low energy electron 
impact using his own experimental data and data from the literature (figure 3.11). The 
results indicate that it is energetically favourable for Cr(CO)6 in a low energy plasma 
and in the presence of oxygen to decompose to CrO2 and/or Cr2O3, depending on the 
oxygen pressure. 
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Figure 3.11: thermochemistry cycle for Cr(CO)6 decomposition under low energy 
electron impact, with results expressed in eV, as reviewed by Dowben et al. [34]. 
 3.3.5 The α–Al2O3 (0001) substrate 
 As substrate for CrO2 films growth, α–Al2O3 (0001) or c-cut sapphire was an 
obvious choice because: 1) the chosen substrate should be appropriate for high 
quality thin film deposition; 2) the substrate should be transparent to the UV radiation 
or, at least not damaged when using perpendicular deposition geometry. As will be 
shown later, it is possible to grow highly oriented CrO2 on sapphire by conventional 
CVD. The second condition might apparently be also accomplished since the direct 
optical band gap, Eg, of sapphire is reported to vary between 7.3 eV [35] and 9.9 eV 
[36]. This high Eg value is responsible for the low absorption at the wavelength of the 
KrF excimer laser, λ = 248 nm (5.0 eV). 
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 As for all aluminium oxides, the interest in α-Al2O3 has been high, due to the 
large variety of applications. The Al2O3 α-phase is easily studied, thanks to its high 
stability, spontaneous occurrence in nature, good crystallinity, and relatively simple 
atomic structure. It has a very high melting point, high electrical resistivity, low 
dielectric constant, and high thermal conductivity as can be seen in table 3.3. It is also 
a material of extreme hardness; 9 on the Mohs scale of hardness, which is next 
hardest to diamond, at 10. The crystal structure of α-Al2O3, shown in figure 3.12, was 
determined in 1925 by Linus Pauling and Sterling Hendricks [37]. The unit cell is 
rhombohedral, composed of two Al2O3 molecular units (i.e. 10 atoms). The structure is 
more easily visualized, however, with a trigonal unit cell, that is, a hexagonal 
coordinate system, composed of six molecular units corresponding to a total of 30 
atoms. α-Al2O3 has an important electronic application as circuit substrate, where good 
insulators with low dielectric constant are desirable for their performance, while high 
thermal conductivity facilitates the removal of the heat generated during circuits 
operation. Another common application is as refractory material, that is, high-
temperature-resistant material used to line furnaces and kilns (thermally insulated 
chambers). This material is commonly used for fundamental studies and device 
applications with the major advantage of being relatively cheap and readily available 
commercially. 
 
Figure 3.12: sapphire crystal structure. White: 
oxygen atoms; dark: aluminium atoms. 
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Table 3.3: structural, chemical, thermodynamic and optical properties of α-Al2O3 (sapphire). 
Structural Data Ref. 
Space group R3-C [38] 
Lattice type Rhombohedral  
Point group D4h
14  
Z 8  
a0 (nm) 0.4758  
c0 (nm) 1.2991  
Molecular mass, M (g mol-1) 101.96  
Density, ρ (g cm-3) 3.98  
Chemical   
Al oxidation state +3  
Egap (eV) 7.3; 9.9 [35]; [36] 
Solubility 98×10-6 g/100g H2O [39] 
Thermodynamic   
Melting point, Tf (ºC) 2040 [40] 
Boiling point, TB (ºC) 3000 [19] 
Cp at 298 K (J Kg
-1 K-1)  774 [19] 
Cp at 291 K (J Kg
-1 K-1)  761 [40] 
ΔHf (kJ Kg-1) 1.06 ×103 [19] 
ΔHv (kJ Kg-1) 1.82 ×103 [19] 
Thermal conductivity at: 20 ºC (W m-1 K-1) 41.9 [40] 
25 ºC (W m-1 K-1) 36 [19] 
27 ºC (W m-1 K-1) 27.21 [39] 
Thermal coef. of linear expansion at 323 K (K-1)  5 – 6.66 ×10-6 [40] 
Resistivity   
ρ (20 – 500ºC, Ω cm) 1011 – 1016 [40] 
Optical   
(perpendicular) Reflectivity at 248 nm 0.08; 0.20; 0.29 [41]; [42]; [43] 
(perpendicular) Reflectance at 308 nm 0.008 [41] 
248 nm 0.092; 0.085 [41]; [44] 
193 nm 0.10 [41] 
Refractive index (see figure 3.13) [39] 
Transmission by 1 mm at 280 nm 60% [40] 
200 nm 50% [40] 
248 nm 80%  [45] 
Absorption coefficient at 248 nm, α (cm-1) 1.7×104; 4×103 [43]; [42] 
Dielectric constant 9.4 [40] 
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Figure 3.13: refractive index of sapphire, n, as a function 
of wavelength. From reference [39]. 
3.3.6 Interaction between sapphire and the KrF pulsed laser radiation  
 During the course of growing a film in the perpendicular geometry involving 
direct laser irradiation of the substrate, the dominant growth mechanism can switch 
from photochemical to a thermal one. If the substrate does not absorb significantly at 
the optical source wavelength, growth is initiated by photochemically produced species 
interacting with the surface. As deposition time goes by, the thermal process gains 
importance if the growing film absorbs radiation [29]. 
 Laser-matter interactions determine how and how much of the laser energy is 
utilized in a given process; they depend on the parameters of the laser beam, e.g. 
wavelength, intensity and illumination time, and the physical and chemical properties 
of the material [13].  
 In metals, the electrons of the conduction band acquire energy by interacting 
with the electromagnetic field of the laser radiation; after thermalization occurs, the 
electrons transfer part of their energy to the vibrating lattice through collisions, 
causing the material to become heated. In semiconductors, the electrons of the 
conduction band and the holes of the valence band acquire energy by interacting with 
the laser beam. In dielectrics or electrical insulators the electromagnetic field of the 
3. Fundamentals of CVD and LCVD techniques 
 
 
58 
laser beam polarizes the material. During relaxation of the polarized states some 
energy is transferred to the lattice heating the material. 
  The interaction of pulsed laser radiation with dielectric materials can be 
described in terms of two types of mechanism: intrinsic and extrinsic. Intrinsic 
mechanisms refer to the interaction of the laser radiation with a solid that has no 
structural or chemical defects. Absorption by electronic defects created during 
illumination is considered an intrinsic mechanism as well. Extrinsic mechanisms are 
those in which light absorption is assisted by either structural defects or impurities.  
 A pure wide-band gap material that is transparent to light of moderate intensity 
up to frequencies in the UV range can be rendered opaque if illuminated with high 
intensity light. Permanent changes in the optical properties of the dielectric are 
attributed to lattice damage. These changes can take place at wavelengths extending 
from the infrared (e.g., 10.6 μm) to the UV (e.g., 193 nm). Laser-induced property 
changes in dielectric materials start with the generation of free electrons. Since the 
band gap energy is higher than the energy of the UV photons, a multiphoton process 
has to take place whereby electrons are initially pumped, or ionized, from the valence 
to the conduction band. Following this triggering process, two intrinsic mechanisms 
have been proposed to account for the production of the large amount of electrons 
necessary to cause damage:  
1) Continued multiphoton absorption;  
2) Multiplication by an avalanche process.  
In the second mechanism, the existing conduction electrons are accelerated in the 
electromagnetic laser field until they reach a higher energy than the required to 
produce ionization and hence can transfer this excess energy to valence electrons 
which are pumped to the conduction band. In this manner, a cascade-like 
multiplication process develops. The energy absorbed by the electrons in the 
conduction band can be transferred to the lattice and heating takes place. Transfer of 
energy to the lattice can occur by electron-phonon collisions, and if this is the transfer 
mechanism an electron in the conduction band may absorb more than one photon 
[46]. 
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 Laser damage is initiated in dielectric materials containing impurities or defects 
at a much lower laser power density than in the ultra pure substances. Also defects of 
different nature are created during laser irradiation that alters the overall coupling 
between the laser and the material as the irradiation progresses. Laser energy 
absorption mechanisms other than those operating in highly perfect materials can 
become prevalent in the presence of chemical and structural imperfections. 
 There are several kinds of extrinsic factors that affect the absorption of laser 
radiation in wide band gap materials [46]:  
1) External surfaces: higher laser light absorption can take place at external surfaces 
due to the existence of surface states; 
2) Pre-existing structural defects: defects like topological imperfections that are 
present in the material prior to laser irradiation enhance the laser-insulator 
coupling; 
3) Laser-generated structural defects: defects that are intrinsically generated during 
laser irradiation can promote a strong coupling between the laser light and the 
insulator as the irradiation progresses; 
4) Ambient atmosphere: the gaseous atmosphere in contact with the laser-
illuminated surface can have important effects on the generation of defects and 
hence on laser coupling during pulsed laser irradiation. 
Significantly higher laser light absorption can also take place due to the presence of 
chemical impurities. 
 The substrate heating caused by an incident laser pulse is primarily due to 
electronic excitation processes accompanying the absorption of light. Since typical 
pulse durations far exceed the relaxation time for electronic transitions it is 
permissible to assume that the thermal history of the irradiated sample can be 
modelled by continuum non–steady-state heat conduction theory. The fundamental 
equation for the temperature T(x,t) that has to be solved is [2]: 
( ) ( ) ( )p T
2
2
, ,
, 0
T x t x t
C K A x t
t x
ρ ∂ ∂− − =∂ ∂ ;     0 x< < ∞  eq. 3.22 
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where ρ is the density, Cp the heat capacity, KT the thermal conductivity, and x and t, 
are the depth and the time, respectively. The first two terms represent the 
conventional one-dimensional heat conduction. The term A(x,t) in units of W cm-3, is 
the spatial and time-dependent power density absorbed from the incident laser pulse. 
Depending on the relative value of the absorption length, α-1, of the laser light within 
the specimen surface, two limiting regimes of thermal response can be distinguished 
for small or large α-1 when compared with the thermal diffusion length. In the case of 
large α-1, applicable to the laser modification of insulator surfaces, the temperature of 
the surface is largely determined by the initial distribution of the energy absorbed 
from the laser beam. Light penetrates within the material and the thermal evolution 
during the pulse duration overshadows heat diffusion effects that can be neglected; 
the adiabatic heating regime prevails. In this case the distribution of light intensity in 
the material is given by: 
( )0 1 f xI I R e α−= − , W cm-2 eq. 3.23 
where Rf is the reflectivity and I0 is the incident intensity. The heat generation rate is 
equal to –dI/dx, so: 
( ) ( )0 f, 1 xA x t I R e αα −= − , W cm-2 eq. 3.24 
Upon substitution in eq. 3.22 and neglecting the term ( )( )T 2 2,K x t x∂ ∂ , we obtain a 
temperature rise at t = τp after integration [2]: 
( ) ( ) ααττ ρ
−−Δ = p 0 f
p
1
, p
xI R e
T x
C
 eq. 3.25 
Assuming no diffusion loss during the first laser pulse with fluence F (J cm-2), solving 
the classical heat equation at the surface, x = 0, provides the maximum increase of 
temperature, ΔT0 , which may be attained at the surface due to laser irradiation at the  
end of that first pulse (t = τ) or of any other pulse in the irradiation train [42]: 
( )0 f p1T R F Cα ρΔ = −  eq. 3.26 
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Using the data from table 3.3, references [42] and [19] we plotted ΔT0 as a function 
of laser fluence in figure 3.14. From this estimation it is expected that if a sapphire 
substrate, at RT, was irradiated with a KrF laser fluence of 1.7 J cm-2 the surface 
temperature would reach the melting point at 2040 ºC. However, the analysis of 
experimental work reported on the irradiation of sapphire shows that the results are 
not straightforward. Despite the high melting and boiling point, sapphire requires 
relatively low energy density to provoke the ablation or removal of some material from 
its surface. Ilhleman et al. [47] and Dreyfus et al. [48] reported that the ablation of 
Al2O3 occurs for laser fluences higher than 1.0 J cm-2 and 0.6 J cm-2, respectively. 
  It seems, however, that a certain amount of damage needs to be accumulated 
before ablation can be initiated; once the threshold has been reached, ablation 
proceeds at a steady rate. We can then say that the ablation of sapphire requires an 
incubation time. As can be seen in figure 3.15, the ablation rate of sapphire as a 
function of the number of pulses shows that a minimum number of pulses, 5 - 10, are 
necessary to initiate ablation. In this study by Pedraza et al. [46], the threshold 
number of pulses for ablation decreases as the laser fluence increases, e.g. 10 pulses 
at 3 J cm-2 and 5 pulses at 6 J cm-2. The effect of impurities is also strongly reflected 
in the ablation rate. The same authors determined that the threshold number of pulses 
for ablation of alumina is much lower than for sapphire as can be seen in figure 3.16. 
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Figure 3.14: Maximum increase of temperature, ΔT0, T of the 
sapphire surface as a function of KrF laser fluence estimated 
using eq. 3.26. Inset: lower laser fluence (mJ cm-2) region. 
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Figure 3.15: ablation depth in sapphire 
substrates as a function of the number 
of KrF (λ = 248 nm) laser pulses. From 
reference [46]. 
Figure 3.16: ablation depth in 
polycrystalline Al2O3 substrates as a 
function of the number of KrF laser 
pulses. From reference [46]. 
 The description of the ablation behaviour in sapphire is a clear evidence of the 
importance of creating absorbing defects during the first pulses, which then lead to 
optical breakdown and rather disruptive, plasma mediated ablation at high rate [47]. 
 For the irradiation of sapphire by an UV laser, the quality of the substrates used 
i.e. crystallinity, purity and topology are of crucial importance to avoid any significant 
surface damage, besides laser fluence. The results of the irradiation tests made on the 
sapphire used for our depositions will be shown later. 
3.3.7 Cr(CO)6 adsorption on α–Al2O3 (0001) 
 Photochemical interactions in adlayers of molecules at a surface trigger many 
photochemical deposition processes. The proximity of a surface introduces a new 
dimension that is not usually a factor in traditional gas phase photochemistry, and yet 
surface-mediated reactions are capable of significantly altering the chemical dynamics 
of the system. Furthermore, the optical and chemical properties of adsorbed layers of 
polyatomic molecules can differ considerably from those in the gas phase. 
Qualitatively an adlayer can be categorized as chemisorbed when its interaction with 
3. Fundamentals of CVD and LCVD techniques 
 
 
63 
the surface is compared with to the precursor’s intramolecular bond strengths; or 
physisorbed when monolayers interact weakly with the surface, and their absorption 
spectra are generally similar to those of the gas species [29]. 
 The characterization of α−Al2O3 (0001) surfaces is important because the 
nature of surface termination, reconstruction, domains, and steps can affect the 
quality of the interface with thin films. That is why there has been a big effort on the 
theoretical and experimental study of the atomic and electronic structure of aluminium 
oxide surface and in particular of sapphire simple and non-polar surface [49-51]. 
 From electrostatic considerations and theoretical calculations of the electronic 
structure, it is expected that aluminium atoms terminated surface be more stable due 
to its non-polar characteristics, i.e., the total dipolar moment resulting from the 
stacking sequence Al–O–Al, is zero. The O-terminated surface is expected to be 
unstable due to the non-zero dipole moment resulting from the stacking sequence, i.e. 
O–Al–Al [50;51]. From the different surfaces that were studied, mainly with low Bragg 
index, the (0001) looks to be the most stable, with a calculated strong cohesion 
surface energy of ~2 J m-2 [51]. On the α–Al2O3 (0001) surface hydrogen atoms are 
always observed depending their amount on the sintering temperature of the samples. 
The hydrogen atoms are found at the surface in their free form, possibly incorporated 
during crystal growth and/or bonded to the second layer of oxygen atoms as hydroxyl 
groups (–OH) as depicted in figure 3.17c.  
a) b) c) 
   
Figure 3.17: a) α–Al2O3 (0001) surface, b) cross-section of the first atomic layers of the 
same (0001) surface and c) the hydroxylated surface (black: O; grey: Al and white: H). From 
reference [51]. 
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The Al2O3 surface is basically made of Al+ ions exposed on the first atomic layer and 
by hydroxyl groups directly bonded to aluminium atoms (figure 3.18). The hydroxyl 
groups give different characteristics, acidity degree, to the surface depending of the 
Al3+ coordination type. With thermal treatments it is possible to diminish the degree of 
hydroxylation and to expose Al atoms in the surface with alkaline (Lewis) 
characteristics. The catalytic activity of Al2O3 is a function of the surface degree of 
dehydroxylation [51]. 
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Figure 3.18: scheme of the Al2O3 surface partially hydroxylated. 
 As shown in figure 3.19, the adsorption of Cr(CO)6 on the Al2O3 surface is made 
by the physical interaction of the carbonyl groups with the acidic Al3+ ions [52]. 
Bermudez et al. [53] calculated a value of 11 kcal mol-1 for the energy of desorption of 
Cr(CO)6 on Al2O3, which is comparable to the heat of vaporization of Cr(CO)6 in the 
solid state (ΔHv = 15.18 kcal mol-1). This is an indication that the interaction of the  
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Figure 3.19: interaction scheme between 
Cr(CO)6 and the Al2O3 surface. 
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precursor with the substrate is very weak, being consistent with a physical adsorption 
mechanism instead of chemical adsorption. However, at ~60 ºC, the same authors 
detected no physical adsorption. Therefore, it looks like Cr(CO)6 is eliminated from the 
surface without decomposing (desorption) as the temperature rises. This data appear 
to be independent of whether the ambient gas is oxygen or pure argon. 
3.3.8 Chromium and chromium oxides deposition 
 The study of UV laser photodecomposition of Cr(CO)6 began with the interest in 
depositing refractory high-purity metal films both for optical and microelectronic 
applications. LCVD offered an alternative to other techniques with some advantages 
namely high deposition rate at RT [24;54]. However, significant levels of carbon and 
oxygen contamination are almost always present, in general not in equal amounts 
[54-58]. Since films are usually deposited with the laser beam impinging on the 
surface, i.e. using the perpendicular geometry, the question arises as to whether C 
and O incorporation involves specific surface photochemical reactions and whether 
these are competitive.  
 Since the hexacarbonyls generally physisorb weakly on clean or dirty surfaces, 
gas-phase photolysis is expected to be at least competitive with surface photolysis in 
its contribution to the overall rate of film growth. Indeed, kinetics studies [23] indicate 
that gas-phase photolysis is essential to film growth for both pulsed and CW light 
sources. Thus, the surface chemistry relevant to film growth must involve reactions of 
both the hexacarbonyls and their photoproducts [57].  
 All literature data [21;57] show that the hexacarbonyls absorb strongly in the 
ultraviolet region, undergoing single-photon loss of CO with nearly unit quantum 
efficiency, leaving a partly carbonylated (M(CO)6-x) species on the surface. These 
results suggest that contamination of photochemically deposited films can arise from 
incomplete dissociation of the hexacarbonyl precursor. Houle et al. [58] showed that 
very pure Cr can be grown despite the high reactivity of CO on transition metal 
surfaces once a minimum temperature range has been exceeded and a Cr-rich surface 
has been formed. Kinetic simulations reveal that the purity of the metal is attributable 
to the efficiency of CO desorption. Since CO dissociation is not competitive, desorption 
is molecular in character and not recombinative. 
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 Under commonly used photodeposition conditions the photolysis reaction above 
the surface is in fact saturated, and hexacarbonyl surface chemistry is expected to 
play a minor role in determining film compositions. This implies that photochemical 
film growth is dominated by kinetics of photolytic and spontaneous surface reactions 
of partially carbonylated metals [57]. 
 Also Bermudez et al. [53] did not detect reaction intermediates on the surface 
during oxide growth. This suggests that conversion to CrO× is very efficient once 
decomposition of Cr(CO)6 starts in the presence of O2. This result as other authors 
noticed [57] implies that loss of the first CO may be rate-limiting. 
3.4 Summary 
 Some of the basic principles of CVD are presented in this chapter. They are 
important to the development of a CVD reactor especially designed for the deposition 
of CrO2, and will be used later when discussing the results. 
 In this chapter we have also shown that Cr(CO)6 has the appropriate 
characteristics to be used as precursor for the deposition of chromium oxides activated 
by a UV laser source. The results obtained by Dowben et al. [34;59] carry very high 
prospects to successfully reach the objective of depositing CrO2 by controlling the O2 
partial pressure. It was shown that sapphire substrates are a good choice due to their 
“transparency” to UV radiation, although under some limits; moreover, high quality 
CrO2 has been grown on sapphire by thermal CVD, reinforcing its use with UV laser 
assisted CVD. 
 
 
 
 
 
 
Laser-assisted Chemical Vapour Deposition – Experimental setup and procedures 
 67 
4. Laser-assisted Chemical Vapour Deposition 
Experimental setup and procedures 
In this chapter we describe the experimental setup developed for the Laser-assisted 
Chemical Vapour Deposition (LCVD) of chromium oxide, giving details on the different 
components of the system, and present the procedures followed to determine some of 
the fundamental experimental processing parameters, e.g. the composition of the gas 
phase inside the LCVD reactor. 
4.1 LCVD deposition setup 
 The fundamental equipment used in the LCVD experiments consists of a KrF 
excimer laser with associated optical system, a stainless steel high vacuum deposition 
chamber, a gas delivery system which delivers the reactants and buffer gas into the 
reactor and a pumping system. The experimental setup allows for thin film growth in 
both dynamic and static regimes. A scheme of the experimental setup and its basic 
components is presented in figure 4.1. 
9 (MFC2)
Cr(CO)6
7
9 (MFC1)
11
10
4 6
Ar, O2
12
5 8
14
O2
15
1
3
2
7
13
Deposition
Chamber
 
1 – Excimer laser (KrF) 
2 – Attenuator 
3 – Telescope 
4 – Mirror 
5 – Mask 
6 – Lens 
7 – Fused quartz windows 
8 – Substrate holder 
9 – Mass flow controller (MFC) 
10 – Vacuum gauges 
 (pirani and penning) 
11 – Throttle valve 
12 – Cryogenic pump 
13 – Mechanical pump 
14 – Cr(CO)6 cell 
15 – Gate valve 
Figure 4.1: scheme of the basic experimental setup used for LCVD. 
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4.1.1 The KrF excimer laser 
 Excimer lasers are a category of lasers in which the active medium is an 
exciplex, or excited diatomic complex. This active medium can be made of 
homonuclear diatomic molecules, (e.g. Xe2, Ar2 and F2) or of a heteronuclear diatomic 
complex inert gas-halogen (e.g. ArF, KrCl and KrF). Laser emission in an exciplex 
molecule occurs because it has a bound (associative) excited state, but a repulsive 
(dissociative) ground state. This is because noble gases do not usually form chemical 
compounds. However, when in an excited state induced for instance by an electrical 
discharge, noble gases can form temporarily-bound molecules. The excited compound 
can give up its excess energy by undergoing spontaneous or stimulated emission, 
resulting in a strongly-repulsive ground state molecule which very quickly dissociates 
back into two unbound atoms. This forms a population inversion between the two 
states. 
 For krypton fluoride, KrF, the exciplex is produced by the following series of 
reactions, where helium simply acts as a buffer [1]: 
Kr + e- →  Kr* + e- →  Kr + + 2e- (excitation/ionization) 
F2 + e- →  F - + F (ionization) 
F - + Kr + + He →  KrF* + He       (formation of the exciplex) 
Kr* + F2 →  KrF* + F       (formation of the exciplex) 
Because the KrF hence produced is electronically excited and has a short life-time, 
~1.5 ns, it rapidly decays by photon emission to the lower energy state as shown on 
the diagram of figure 4.2. The decay transition can be stimulated to produce laser 
emission with a high efficiency, typically around 20%. The end of a complete cycle of 
laser transitions generally brings the regeneration of the starting materials. Thus in 
case of KrF the processes shown below regenerate krypton and fluorine gas [1]: 
KrF* + hν →  Kr + F + 2hν (stimulated emission) 
KrF* →  Kr + F + hν (spontaneous emission) 
F + F →  F2  
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Figure 4.2: Energetics of a KrF laser. Only the electronic 
states directly involved in laser action are shown [1]. 
For the LCVD experimental work a Compex 110 laser from Lambda Physik was used. 
The basic properties of this laser are resumed in table 4.1 and figure 4.3 shows the 
typical beam profile of an excimer laser. Since the distribution of energy is Gaussian 
only in the horizontal direction or shorter axis, being top-flatted along the 
perpendicular axis, linear optics calculations cannot be made with accuracy. 
Table 4.1: Basic properties of the laser (Compex 110) used in the LCVD experiments, 
as given from factory. 
 Gas mixture 
Compex 110 ArF KrF XeCl XeF 
Wave length (nm) 193 248 308 351 
Pulse energy 1) (mJ) 200 300 200 150 
Pulse duration, τ (ns) 25 30 20 25 
Average max. power 2) (W) 12 25 16 12 
Max. repetition rate (Hz) 100 100 100 100 
Pulse dimensions (mm × mm) 24 × 5 – 10 
1measured at low repetition rate; 2measured at maximum repetition rate 
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Figure 4.3: Typical beam profile (variation in intensity across the beam) 
for an excimer laser. Axis scales depend on the type of exciplex [1].  
4.1.2 Optical system 
 Several optical configurations using different components were tested in order 
to achieve an homogeneous beam enabling to define precisely the energy per unit 
area i.e. the laser fluence, F. Adequate optics combination and alignment of the beam 
were the main ingredients to reach this objective.  
 A variable attenuator, Microtech UM-VAM232, mounted immediately after the 
exit of the beam (no. 2 in figure 4.1) was used to control the energy per pulse, and a 
telescope, made of a divergent and a convergent lenses, was used to collimate the 
beam. In fact, this element worked like a lens with a very long focal length. After this 
optical element a 90 degree mirror was used to align the laser beam with the 
deposition chamber/substrate. In figure 4.4 a picture of these optical elements is 
shown.  
 A beam homogeniser, JPSA model OXH, was also studied aiming at its 
integration in the optical system; however, the use of this component was quickly 
abandoned due to its complex functioning, together with difficult and time consuming 
alignments, with no notorious improvement of the beam quality. Therefore, the 
solution was to take several masks with different sizes in order to select just the 
homogenous central part of the laser beam, with original dimensions of 
~24 × 12 mm2. These masks were built from stainless steel blades protected by black 
paper card. Figure 4.5 shows the spatial energy distribution obtained after different 
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masks with varying width through burn patterns produced on thermal paper. A clear 
reduction of the energy density is visible laterally in a), while the energy density 
seems practically constant in b). 
 
Figure 4.4: Lambda Physik Compex laser and some of 
the optical components used in the LCVD experiments. 
 
  
Figure 4.5: Laser prints on thermal paper after a) 
12.5 × 8.5 mm2 and b) 10 × 5 mm2 masks. 
 To focus the beam on the substrate, with the adequate spot size, several 
uncoated plano-convex lenses with focal distances, f, ranging from 150 to 350 mm 
were used. However, the actual f value, at λ = 248 nm was always determined 
experimentally since the several optical elements used changed the beam’s 
convergence. Prints of the beam spot on thermal paper were made as a function of the 
Laser
Attenuator
Telescope
b)a)
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lens-image distance. In figure 4.6, an example of the calibration of a plano-convex 
lens is presented as a 3D plot. The energy loss in those lenses was < 5% within the 
energy range utilised. 
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Figure 4.6: example of the calibration of a 
plano-convex lens focal distance. 
 The laser beam energy was measured immediately after the mask on a 
Tektronix TDS 380 (400 Mhz) oscilloscope using a Coherent J45LP energy probe. The 
standard deviation of the laser pulse energy was ±10 % for the range usually used 
i.e., 1 to 50 mJ. 
 The laser beam had to be re-aligned through the optical system after each set 
of deposition experiments was completed. 
4.1.3 Deposition chamber and accessories 
 The LCVD chamber is made of stainless steel, with a cylindrical shape, 45 cm 
long and 15 cm in diameter, corresponding to a net volume of ~9 litres. It is equipped 
with several view ports and fused quartz windows for transmission of the laser beam. 
The distance from the centre of the chamber to the outside face of the transmission 
windows (no. 7 in figure 4.1) is 20 cm. As will be explained later, sometimes plano-
Laser-assisted Chemical Vapour Deposition – Experimental setup and procedures 
 73 
convex lenses were used as the entrance window. A picture of the deposition chamber 
is shown in figure 4.7.  
 
Figure 4.7: LCVD deposition chamber and some of its components. 
 Prior to any deposition experiment, the deposition chamber was always 
evacuated to a base pressure of 10-7 - 10-6 mbar using a cryogenic pump (APD 
Cryogenics) or a turbo molecular vacuum pump (Alcatel 5080). A mass spectrometer 
(Spectramass Dataquad) was used to detect possible gas leaks in the setup. Other 
equipments contributing to the setup consisted of several mechanical pumps (Alcatel 
2015 CR, 2015C2 or 2002 BB), vacuum gauges (Edwards pirani and penning), 
capacitance manometers (Baratron 0.1 and 1000 Torr), and mass flow controllers for 
oxygen and argon (MKS 0.1 to 2700 sccm).  
 Another important component of the system is the precursor evaporation 
chamber or cell. Two different stainless steel evaporators were used. The most 
significant difference between them is their volume (0.5 and 0.07 dm3) and the 
different fittings available in each one. The evaporator was placed in a 
heating/refrigerating circulator bath (HAAKE circulators), so the Cr(CO)6 precursor 
vapour pressure could be controlled accurately. In most cases, the precursor was 
carried into the deposition chamber by a given O2 gas flow rate. The evaporation 
chamber was connected to the deposition chamber by a 6 mm diameter PTFE tube of 
various lengths, L. 
Lens 
Controllers
Quartz 
window 
Chamber
viewport 
Pressure 
gauges Capacitance barometer 
Laser-assisted Chemical Vapour Deposition – Experimental setup and procedures 
 
 74 
4.2 Experimental parameters 
 The realization of the deposition experiments required the choice of a number 
of experimental parameters like the laser pulse energy and repetition rate, the 
Cr(CO)6 cell temperature, the oxygen carrier gas flow rate, the argon buffer gas flow 
rate (whenever used) and the deposition chamber total pressure, PT. These values 
determine the laser fluence at the substrate level and the reactants partial pressure, 
both quantities obviously affecting the properties of the deposited materials. 
Furthermore, as will be described next, the choice of these parameters is non-trivial 
since they all are interdependent. 
 The difficulties concerning the LCVD growth of chromium dioxide from Cr(CO)6 
became apparent after the first set of experiments. As mentioned before, this 
precursor absorbs the UV radiation of the KrF laser, decomposing with high efficiency; 
however, this fact also brings several related problems which have to be solved. First, 
it has to be said that the laser fluence on the substrate surface was usually estimated 
from the optical absorption path length inside the deposition chamber. The estimation 
was made using the Beer-Lambert’s law, eq. 3.14, with σ = 5.3×10-17 cm2 [2]. Figure 
4.8 depicts the transmitted intensity as function of the precursor partial pressure for 
different absorption path lengths.  
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Figure 4.8: Cr(CO)6 transmission at λ = 248 nm as a function 
of partial pressure for several absorption path lengths, d. 
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It is clear from this plot that a high Cr(CO)6 partial pressure and a long optical path 
length result in high absorption of the laser radiation. Using a long optical path means 
that to achieve a given fluence at the substrate, higher energy has to be measured at 
the entrance of the chamber and/or the deposition area has to be decreased for the 
same irradiance by further focussing the beam. The use of high energy might be a 
problem because the deposition rate of (solid) material on the inner face of the 
entrance window would increase resulting in a incontrollable temporal decrease of the 
energy that reaches the substrate, besides the damage provoked on the window itself. 
On the other hand, low area depositions are a hindrance to chemical and structural 
characterization of the deposited thin films material. 
 So it can be concluded that short optical lengths and/or low Cr(CO)6 partial 
pressures  are preferred for the LCVD experiments. The minimum optical length or 
window-substrate distance is limited by the chamber geometry and the availability of 
suitable lenses in the market. Furthermore, this distance should be enough to enable 
the reactive gas reaching the substrate surface and to eventually use argon to flash 
the transmission window. 
 When irradiating sapphire substrates, using perpendicular geometry, as in 
figure 4.1, some of the laser radiation is transmitted through the substrate, as 
expected, and after having travelled through the vacuum chamber attains the fused 
quartz exit window. Since the laser beam is focused, the lens focal point should be as 
far as possible from the exit window to avoid its damage. Because reflection from the 
substrate is also observed, the same care must be taken to avoid the reflected beam 
to be focused on the entrance window. In some cases the sample holder was slightly 
rotated making the reflected beam to stay out of the window’s solid angle. 
 Another important experimental detail concerns the position and the geometry 
of the tube carrying the reactant gases to the reaction zone on or nearby the 
substrate surface. We used a 6 mm ∅ tube to deliver the reactive gases at ~5 cm 
from the substrate so that the measured pressure corresponds to the local pressure 
over the substrate. In some experiments smaller distances were set, <1 cm; 
deposition rates, raised up at least by a factor of 2 but both local pressure and laser 
absorption became unknown. 
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 It was not possible to solve all the issues described above but some could be 
minimized. Indeed, it was observed that small changes on the setup can affect 
drastically the deposition process, with the result being either a successful film growth 
or the destruction of the substrate and/or other components of the setup. Because of 
this observation, reproducibility was hard to achieve. The objective of the preliminary 
tests was to try to set some boundaries on the experimental parameters and to have 
at least the deposition of some material to ensure that the process would be viable. 
This was a lengthy and time consuming task. 
 From the first set of experiments it became clear that knowledge of some of 
the experimental parameters is fundamental, like the partial pressure of Cr(CO)6, pCr, 
and of oxygen, pO2, inside the LCVD chamber. Without having an accurate value of 
these parameters, the choice of the remaining ones might be compromised as well as 
the interpretation of the results. One technique to approach this objective would have 
consisted on the analysis of the gas phase composition by mass spectrometry. 
Unfortunately, the Spectramass Dataquad spectrometer available in our laboratory is 
limited to compounds with molecular weight lower than 200 g mol-1 and therefore 
could not be used with our Cr precursor. That is why a different indirect approach was 
attempted, based on the development of a gas flow dynamics model which enables 
the estimation of those parameters possible for any experimental conditions. 
4.2.1 Gas flow dynamics 
 The Cr(CO)6 precursor is solid at RT and ambient pressure and the dependence 
of its vapour pressure on temperature is given in figure 3.4 [3]. A carrier gas, usually 
O2, was used to assure a constant flux of the precursor into the reaction chamber. 
Also an argon flux was often used to flash the inner side of the transmission windows 
– entrance and exit ones. The partial pressure of both reactants in the deposition 
chamber are established by the Cr(CO)6 vapour pressure, the O2 carrier gas flow rate, 
the argon flow rate, and the total pressure. A study of the gas flow dynamics is 
presented next. 
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Pumping process 
 In a simple system, the flow rate, φi, of each gas entering a deposition chamber 
can be individually monitored by a mass flow controller. It is then possible, knowing 
the total pressure, PT, and the total gas flow rate, φT, to determine the partial pressure 
of each gas, pi:  
i
i T
T
p P
φ
φ=  eq. 4.1 
 The pressure achieved at steady state is the result of a dynamic balance 
between the gas load and the ability of the pump to remove gas from the volume. 
 In the initial LCVD experiments the estimation of the reactants partial pressure 
was made assuming that the pressure in the evaporation chamber could be considered 
the same as the total pressure in the deposition chamber. As a consequence, the 
determination of the partial pressures in the deposition chamber was straight forward 
even when using argon as buffer gas (eq. 4.1). 
 Typically, solid CVD precursors are difficult to deliver into a reactor at a precise 
concentration with a desired mass flux. This is because of inherent low vapour 
pressure, limited thermal stability of the precursor, changes in particle size and the 
difficulty to saturate the carrier gas with the precursor. Several more or less 
sophisticated delivery systems for volatile solid precursor vapours have been 
developed and patented but, actually, a practical and easy method to determine the 
reactants mass flow remains a problem to be solved and even more when using a 
carrier gas [4]. In depositions using this kind of delivery system the reactants partial 
pressure is usually not indicated; when considerable sublimation occurs, the mass flow 
of the precursor can be measured by its weight loss. 
 As referred above, our preliminary experiments showed that the reactants 
partial pressures were important for achieving the deposition of CrO2. Then, we had to 
further develop the initial assumption of pressure equilibrium between the chambers. 
In complex systems, like the one used in this work, it is necessary to keep in mind 
other factors which influence the gas dynamics and consequently the flow rate and the 
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pressure in the vacuum chamber such as the resistance offered by the walls of the 
tube where the gas is flowing through. 
Conductance 
 The gas flow rate is a pressure difference response. The components through 
which the gas flows exert a friction force which is an obstacle to its passage. The 
conductance, C (dm3 s-1), measures the ease of gas flow and is given by: 
( )1 2C Q p p= −  eq. 4.2 
where Q is the gas throughput between two regions at different pressures p1 and p2, 
e.g. the inlet and outlet of a pipe. Conductance is the basic quantity specifying the gas 
flow. When several components of the vacuum system are connected in series, the 
effective combined conductance is given by: 
 
1 2
1 1 1
...
C C C
= + +  eq. 4.3 
 The flow controllers used in this work have as standard measuring unit the 
standard cubic centimetre per minute, sccm, or 1 cm3 of a standard gas is pumped per 
minute. The calibration is usually made against atmospheric pressure (760 Torr for our 
mass flow controllers). The transformation of sccm to Q (mbar dm3 s-1) can be made 
using the relation: φ (sccm) x 10-3 x 760 x 1.333/60 = φ (sccm) x 1.688 x 10-2 
mbar dm3 s-1. 
 The gas flow setup usually used is shown schematically in figure 4.9, where 
φO2 and φCr are the oxygen carrier gas and the Cr(CO)6 precursor flow rates 
respectively, and φAr is the argon (buffer gas) flow rate. The conductance of the setup 
should be mostly affected by the length and diameter of the pipe carrying the reactive 
gas into the deposition chamber, settled at pressure PT. 
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Figure 4.9: scheme of the gas flow setup composed of a Cr(CO)6 evaporation cell, 
at temperature Tcell; the Cr(CO)6 vapour is carried into the reactor chamber by a 
given O2 flow rate through a tube with an internal diameter D and length L. 
Inside the evaporation cell, the total pressure, pcell and the total number of moles, nT 
are given by 
pcell = pV + pO   ;   nT = nV + nO eq. 4.4 
where indexes “v” and “o” refer to the Cr(CO)6 vapour and to O2, respectively. 
Assuming the perfect gas law in the evaporation cell, we have: 
pcellV = nTRT   ;   pVV = nVRT eq. 4.5 
Using eq. 4.1, 4.4 and 4.5, we can write: 
2
V
Cr O
cell V
p
p p
φ φ= −  eq. 4.6 
where φO2 is measured by the mass flow controller MFC2 shown in figure 4.1 and the 
vapour pressure of the chromium hexacarbonyl established by Tcell. For the 
determination of the total pressure inside the evaporation cell, pcell, we need to know 
the flow regime and apply the conductance relations.  
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Viscous flow 
 For pressures higher or about 10-2 mbar, molecular collisions are the 
predominant characteristic of the behaviour of a gas. If we consider for instance 
oxygen at 295 K, the mean free path is ~0.7 mm at 10-1 mbar, which is lower than 
the diameter of the pipes usually used. In this case the gas behaves like a fluid in the 
traditional sense. The gas can then be pulled and pushed along tubes. The gas 
movement, once induced, is communicated through it by intermolecular collisions. 
This viscous flow subjected to frictional forces is described by a viscosity coefficient 
and obeys fluid mechanics laws [5].  
 The conductance at room temperature of a gas flowing through a long pipe with 
length L (cm) is given in the viscous regime by the Poiseuille law [6] 
( ) 43 1 2 1 22.46 10
2L
p pD
C dm s
Lη
− − += ×  eq. 4.7 
where D is the tube diameter (in cm) and η is the gas viscosity coefficient in poise; p1 
and p2 are, respectively, the inlet and outlet pipe pressure (mbar).  
 If PT is the total pressure inside the deposition chamber, equal to the tube 
outlet pressure, and pcell the pressure in the evaporation cell (inlet), we have that the 
conductance of the tube connecting both chambers, using Q = 1.688 x 10-2 (φCr + φO2) 
and equations 4.2, 4.3 and 4.7, is given by: 
( )
2
4
2 2 2 2
O Cr cell T1.688 10 ( ) 2.46 10
mix
D
p P
Lηφ φ
− −× + = × −  eq. 4.8 
Taking eq. 4.6 into account, and solving for pcell, the following 3rd degree polynomial 
equation is obtained: 
( ) ( )
2
3 2 2 2mix
cell V cell T O cell V T4
0.7287 0
L
p p p P p p P
D
η φ⎛ ⎞− − + + =⎜ ⎟⎝ ⎠  eq. 4.9 
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The pressure inside the evaporation cell, pcell, can then be estimated for our deposition 
setup, by considering a viscous regime at RT. The use of eq. 4.1 and eq. 4.6 enables 
to calculate the flow rate and partial pressure of the reactants inside the deposition 
chamber.  
Testing the model 
 To check the validity of eq. 4.9, we measured the pressure in the deposition 
chamber with the pirani-penning gauges and the pressure in the evaporation cell with 
a capacitance barometer (1000 Torr) for several experimental conditions. The results 
were compared with the estimated values obtained from the viscous regime model 
described above. Instead of O2, η (25 ºC) = 2.08 × 10-4 poise [7], nitrogen gas, η (25 
ºC) = 2.03 × 10-4 poise [7], was used as carrier gas. At this temperature the viscosity 
of Cr(CO)6 was estimated to be 4.39 × 10-4 poise, using the following relation for gases 
at low density [8] 
3 2 2
2
3 x
mkT
d
η π=  eq. 4.10 
where k is the Boltzman constant and dx and m are the molecule diameter and mass, 
respectively. The viscosity coefficient of the gas mixture, ηmix was evaluated by means 
of Wilke's relation [8]: 
i i
mix n
i=1 j ijj=1
n x
x
ηη =
Φ∑∑  eq. 4.11 
with ijΦ  being given by 
1 12 4
2
ji i
ij
j j i
1
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η
η
− ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎢ ⎥Φ = + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠ ⎝ ⎠⎣ ⎦
 eq. 4.12 
n is the number of chemical species in the mixture, xi and xj are the mole fractions of 
species i and j, ηi and ηj are the species viscosities at the system temperature and 
pressure, and Mi and Mj are the corresponding molecular weights. 
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 Firstly, we did not consider any precursor in the evaporation cell1, and studied 
pcell as a function of carrier gas flow rate. The deposition chamber pressure, PT, was 
set to 0.5 mbar and D = 0.4 cm, L = 142 cm, and Tcell = 25 ºC. The experimental 
values and the estimated pcell curve as a function of the carrier flow rate, φN2, are 
presented in figure 4.10. The inset in this figure shows the difference between the 
estimated and the experimental pressure values, Δp, which grows slightly with φN2 from 
~0.1 to ~0.3 mbar, in other words Δp is roughly 10% pcell. The trend and the small 
differences observed validate the application of the conductance viscous regime model 
to our deposition setup. 
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Figure 4.10: experimental and calculated pressure in the evaporation 
cell, pcell, as a function of φN
2
 for PT = 0.5 mbar, D = 0.4 cm, L = 142 
cm at 25 ºC. The inset shows the difference between both values, Δp. 
 Using the Cr(CO)6 precursor in the evaporation cell, at Tcell = 25 ºC, the 
measured pressure values as a function of the carrier flow rate, φN2, is presented in 
figure 4.11. The amount of precursor material in the evaporation cell has no 
measurable effect on pcell. The estimated curve using eq. 4.9 is also plotted. The inset 
                                          
1 In this case, in the viscous regime pcell is given by: 
2cell N4
1.3724 TP P
L
D
η φ= +  
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shows the difference between estimated and experimental pressure values, Δp, as 
previously. Now Δp increases from ~0.45 to ~0.75 mbar with φN2 i.e., in terms of pcell, 
that difference decreases from ~47 to ~20% while φN2 increases from 0.5 to 10 sccm. 
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Figure 4.11: experimental and calculated pressure in the 
evaporation cell, pcell, as a function of φN
2
 with: PT = 0.5 mbar, 
D = 0.4 cm, L = 142 cm and Tcell = 25 ºC (pV = 0.54 mbar). 
 The pcell overestimation might be due to two main reasons. As shown in figure 
3.4 (section 3.3.1), the Cr(CO)6 vapour pressure equation was determined in the 40 –
 120 ºC temperature range which means that, for Tcell = 25 ºC, the vapour pressure 
used (pV = 0.54 mbar) was obtained by extrapolating the available data. Thus, the 
error associated with this procedure is unknown. However, even if we considered that 
pV is only 50% of that value, this would only account for ~0.2 mbar in Δp.  
 On the other hand, the viscosity of the mixture can have a significant effect. 
The viscosity of Cr(CO)6 at 25 ºC was estimated to be 4.39 × 10-4 poise using eq. 
4.10, which is comparable to the viscosity of most simple gases and hydrocarbonates 
(in the 10-4 poise range). But if this value would be instead 1.0 × 10-4 poise, then the 
calculated and the experimental pcell values would coincide in the whole flux range 
from 0.5 to 10 sccm. Therefore, a little difference in ηmix can have a significant effect 
on the calculated pcell. 
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 Although the differences observed, eq. 4.9 seems to describe in general the gas 
flow dynamics in our deposition setup. However, the chromium hexacarbonyl pressure 
in the deposition chamber will probably be underestimated. In fact, the experimentally 
measured pcell values result in an N2 to Cr(CO)6 partial pressure ratio (pN2 /pCr ) in the 
deposition chamber of 1.0 to 5.6 over the φN2 range studied (figure 4.12). This ratio is 
actually 59 to 78% of the estimated ratio (1.7 – 7.2).  
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Figure 4.12: calculated pN
2
 /pCr as a function of φN
2
 using 
the experimental and the estimated pcell values from 
figure 4.11. 
 In the next chapter, the results of the experiments using LCVD of chromium 
oxide films will be presented and discussed. The reactants partial pressure ratio 
indicated there have been estimated by solving eq. 4.9 for the different experimental 
conditions used. As a consequence of the gas flow study here presented, the 
O2/Cr(CO)6 partial pressure ratio is only indicative and its interest resides on the 
possibility to assess properties trends. 
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5. Laser-assisted Chemical Vapour Deposition 
Results and discussion 
In this chapter, the results obtained for films deposited using the chromium 
hexacarbonyl precursor, Cr(CO)6, and different LCVD setups are presented and 
discussed. They are organized in four different groups or sets of experimental setups. 
5.1 Growth on Si(100) 
 The first set of experiments was carried out using Si (100) wafers as 
substrates. Silicon has an energy band gap of 1.11 eV at 300 K [1], absorbing the UV 
laser radiation at λ = 248 nm (5 eV) when the laser beam impinges on the substrate 
surface at perpendicular incidence. As a consequence, the LCVD process might not be 
a purely photolytic one, also comprising a strong thermal component which can even 
lead to substrate melting. Although not being the most adequate substrate to be used 
in perpendicular geometry with the KrF laser, Si substrates are quite cheap and easily 
available in any laboratory where growth of thin films is a current activity, allowing to 
make a high number of preliminary tests and to find out which of the processing 
parameters have a stronger influence on the film properties.  
 The setup used is shown in figure 5.1. The LCVD reactor was always evacuated 
to a base pressure lower than 5 x 10-6 mbar. All the deposition experiments were 
conducted in dynamic regime using a mechanical pump and a throttle valve to control 
the total pressure inside the deposition chamber at PT = 5 - 10 mbar. The Cr(CO)6 
powder was evaporated in a controlled temperature stainless steel cell and carried into 
the LCVD reactor with the aid of an O2 flux. Occasionally, an extra O2 flow was 
directed into the deposition chamber, besides the carrier one. To prevent material’s 
deposition on the transmission window, an argon jet was used to flash its inner 
surface. Prior to any deposition experiment the Si substrate was cleaned in diluted HF 
and rinsed with distilled water. 
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Figure 5.1: a) Scheme of the experimental setup and b) detail of the sample holder 
perpendicular to the KrF laser beam. 
 The laser beam was focused using either the telescope or a 316 mm focal 
length lens placed after the 8 × 12 mm2 mask. Table 5.1 presents the processing 
parameters that were used in these first experiments. Laser fluence values given in 
the table do not take into account the absorbed radiation by the precursor gas. 
 Substrate melting was observed for laser fluencies F ≥ ~150 mJ cm-2 and 
irradiation times tdep ≥ 25 min. Below the 150 mJ cm-2 threshold value, films with 
thickness ranging from 100 to 600 nm, depending on deposition time, were grown 
(the growth rate was roughly 0.1 nm s-1). However, due to the strong thermal 
component associated to deposition, the films do not display a well defined contour 
and show a set of colours attributed to light dispersion by the different thickness 
layers, as can be seen in figure 5.2a. Microstructural studies performed in a scanning 
electron microscope (SEM) revealed that the deposited material is characterised by a 
small grain size, in the nanometre range, which however does not fully and uniformly 
covers the irradiated surface  (figure 5.2b). 
a) 
b) 
Substrate 
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Table 5.1: experimental parameters used on the LCVD experiments 
with Si (100) substrates. 
Experimental parameters Values 
Beam energy, E (mJ) 0.4 – 50 
Spot area, S (mm2) 50 – 5 
Laser repetition rate (Hz) 5 -10 
Laser beam path length, d (cm) 17.0 
Cr(CO)6 cell temperature, Tcell (ºC) 6 – 20 
O2 carrier flow rate, φO
2
 (sccm) 10 
Extra O2 flow rate, φO
2
 (sccm) 0 – 25 
Argon flow rate, φAr (sccm) 60 – 100 
Total pressure, PT (mbar) 5 – 10 
Deposition time, tdep (min) 10 – 120 
Laser fluence, F (mJ cm-2) 5 – 500 
 Energy dispersive X-ray spectroscopy (EDS) and Auger Electron Spectroscopy 
(AES) were used to determine the chemical composition of the films, making use of 
the fact that the substrate does not contain oxygen. Both characterization techniques 
and procedures are summarized in appendix A.3 and A.6, respectively. The presence 
of chromium in the films is evident from the EDS spectrum shown in figure 5.2c. 
Similar spectra were obtained when the electron beam scanned the films surface, 
indicating that the deposited material presents a quite uniform chemical composition. 
From AES analysis, the presence of both chromium and oxygen in the films was clearly 
identified (figure 5.2d) but, yet, it was not possible to draw a positive conclusion about 
the Cr/O ratio due to overlapping of the characteristic lines from Cr and O [2], besides 
the possible contamination with Cr(CO)× species. Actually, the AES spectra also show 
that the films are heavily contaminated with carbon, from 35 to 50 %, which however 
tends to decrease with increasing laser fluence. The films were etched in-situ, by Ar+ 
bombardment, during different etching times to allow for in-depth analysis, which 
resulted in similar AES spectra along the film depth. 
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Figure 5.2: a) Optical micrograph, b) SEM micrograph, c) EDS spectrum, and d) AES 
spectrum of a film deposited onto Si (100) with F = 140 mJ cm-2, Tcell = 15 ºC, φO
2
 = 10 sccm, 
PT = 10 mbar and tdep = 20 min. 
 Singmaster et al. [3] have shown that several factors are responsible for 
carbon incorporation in UV photochemical deposition of thin films from hexacarbonyls 
like the working pressure, the oxygen partial pressure, heat and film exposure to air, 
which are not only interdependent as highly system-dependent too. 
 X-ray photoelectron spectroscopy (XPS) was used for both composition 
evaluation and chemical bonding analysis. The main features of XPS technique are 
described in appendix A.5. In this work, XPS analysis was carried out using a Microlab 
310F spectrometer from VG ScientificTM. Figure 5.3 displays the XPS Cr 2p3/2, O 1s and 
a) 
c)
b) 
d)
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C 1s spectra ranges for the film shown in figure 5.2. The Cr 2p1/2 peak was not 
considered due to its low intensity and resolution. The binding energies of the various 
photoelectron peaks were calibrated with respect to the C 1s peak taken at 284.8 eV. 
This C 1s peak comes from contamination of the film surface with hydrocarbons to 
which XPS is highly sensitive. Peak fitting was made using the software package 
XPSPEAK v4.1. The first step consists on background subtraction using a 
Shirley + Linear type function; afterwards, the spectra were fitted using Lorentzian-
Gaussian peak shapes. The results obtained are presented in table 5.2 while table 5.3 
shows tabulated reference values for different Cr compounds. It is worth noting that 
the chromium (IV) 2p peak for CrO2 does not follow a simple trend of increasing 
binding energy (BE) with increasing formal oxidation state. These effects have been 
remarked upon previously and attributed to differences in the crystal structure, ionic 
character, and electronic properties of these oxides [4]. 
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Figure 5.3: XPS spectra (dots) and 
fitting results for a film deposited at 
PT = 10 mbar with F = 140 mJ cm
-2, 
Tcell = 15 ºC, φO
2
 = 10 sccm, and tdep= 20 
min (B.E. stands for the binding energy). 
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Table 5.2: XPS results obtained from the fits of the spectra in figure 5.3. 
The C 1s line (at 284.8 eV) was used for calibration of the whole spectrum. 
 B.E./ eV FWHM/ eV Area 
Cr 2p3/2 576.9 2.8 45435 
 579.3 2.8 25126 
O 1s 530.2 2.0 24118 
 531.7 2.0 34230 
 533.3 2.0 10154 
C 1s 284.8 1.8 29882 
 286.3 1.8 8241 
 288.5 1.8 4641 
Table 5.3: XPS binding energy for different chromium compounds (NIST reference tables). 
 Binding energy (eV) 
Cr compound Cr 2p3/2 O 1s C 1s 
CrO3 578.3 – 580.1 529.7 – 530.8 - 
CrO2 576.3 529.3 - 
Cr2O3 575.9 – 577.1 529.8 – 530.8 - 
Cr(CO)6 574.9 – 577.6 532.6 – 534.5 286.3 – 288.0 
 The assignment of the Cr 2p3/2 peaks to specific oxides is difficult due to their 
large FWHM values and to overlapping of the reference peak ranges. Therefore, the 
comparison with the C 1s and O 1s elements greatly helps to simplify this task. The 
carbon spectrum clearly indicates the presence of carbonyl groups due to Cr(CO)x 
species resulting from the uncomplete photodissociation of the Cr precursor, Cr(CO)6, 
during film growth. The latter can also be observed on the O 1s spectrum centered at 
533.3 eV. Since the peak at 531.7 eV is due to oxygen and/or water adsorbed on film 
surface [4], it can be concluded that the remaining peak at 530.2 eV belongs to Cr2O3 
or CrO3. No traces of CrO2 could be found on the O 1s spectrum. Finally, a careful 
analysis of the Cr 2p3/2 spectrum taking into account the precedent conclusions, tells 
us that films should consist mainly of Cr2O3 with some contamination by the chromium 
carbonyls. Again, the assignment of one peak to CrO2, in the Cr 2p3/2 spectrum, 
revealed itself unfruitful. 
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 These films were also studied by X-ray diffraction (XRD) using the glancing 
incidence (1º) and the θ−2θ (Bragg-Brentano) configurations. Only traces of Cr2O3 
could be seen on the XRD patterns which is an indication that the deposits are poorly 
crystalline. 
 In summary, thin films containing Cr/O/C, with a low crystallinity, were 
deposited onto Si(100) substrates from the Cr(CO)6 precursor, with the laser beam at 
perpendicular incidence to the substrate. The characterization techniques used, in 
particular XPS and AES, demonstrated to be not capable of giving clear enough results 
regarding the identification and quantification of the chromium phases present in the 
as-grown films due to overlapping of the characteristic Cr 2p3/2 and O 1s lines for the 
different Cr oxides.  
 Although silicon is clearly not the most appropriate substrate for the deposition 
of CrO2 using a KrF excimer laser due to the significant thermal component observed, 
this study was an important step to initiate and understand the photodecomposition 
process of Cr(CO)6, and the effect of laser fluence on the amount of carbon 
incorporated in the films. 
5.2 Growth on Al2O3 (0001) in the 10
-1 mbar range 
 A new set of experiments was carried out using one-side polished Al2O3 (0001) 
substrates to avoid the thermal effects observed with the silicon substrates. The 
deposition experiments were conducted in dynamic regime as previously, however the 
total pressure inside the deposition chamber was set at a lower working pressure i.e., 
PT = 0.20 - 0.25 mbar, which should favour the CrO2 deposition as discussed in 
section 2.2. Argon buffer gas was not used to flash the transmission window hopping 
that the lower working pressure would not lead to any kind of window’s damage. A 
similar setup to that shown in the scheme of figure 5.1 was used. The Cr(CO)6 powder 
was cooled down to 10 ºC (vapour pressure, pv = 0.21 mbar) and carried to the LCVD 
reactor by an O2 flux. The overall experimental parameters are presented in table 5.4.  
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Table 5.4: experimental parameters for the LCVD experiments 
conducted at 0.2 mbar, using Al2O3 (0001) substrates. 
Experimental parameters Values 
Beam energy at 5 Hz, E (mJ) 7 – 50 
Spot area, S (mm2) 2.2 – 6.6 
Cr(CO)6 cell temperature, Tcell (ºC) 10 
O2 carrier gas flow rate, φO
2
 (sccm) 10 
Total pressure, PT (mbar) 0.20 – 0.25 
Deposition time, tdep (min) 120 
Laser fluence, F (mJ cm-2) 440 – 680 
 A focal length lens of 316 mm was placed, after a 10 × 5 mm2 mask, at 19 - 25 
cm from the substrate. The absorption path length was 12 - 13.6 cm. The laser 
fluence presented is not corrected for the precursor gas absorption, since some 
material was deposited on the transmission window.  
 The observation using an optical microscope revealed that, in general, films are 
homogeneous and exhibit a dark colour. The films present a good adherence when 
manipulated and are approximately rectangular in shape, 2 - 3 mm2, following the 
beam profile. 
 Atomic Force Microscopy (AFM) analysis of different films showed that their 
morphology consists of a uniform distribution of round particles with a mean grain size 
of few tens of nanometres, as can be seen in the AFM image of figure 5.4. The film 
here depicted was deposited for 2 hours and is ~100 nm thick, as determined using a 
Dektak stylus profilometer. The estimated deposition rate is ~0.014 nm s-1. 
Z range = 5 nm 
Figure 5.4: AFM image of a film 
deposited with: E = 31.5 mJ/pulse, 
PT = 0.21 mbar, φO2 = 10 sccm and 
Tcell = 10 ºC. 
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 Energy dispersive X-ray spectroscopy (EDS) microanalysis of the same film was 
performed to monitor the degree of Cr(CO)6 photodecomposition, and the presence of 
chromium oxide phases was analysed by micro-Raman spectroscopy (appendix A.8), 
probing different locations on the film. The EDS spectrum in figure 5.5a shows the two 
Kα (5.4 keV) and Kβ (5.9 keV) characteristic lines of chromium, besides the Kα (1.48 
keV) line of aluminium due to the substrate, indicating that Cr(CO)6 has decomposed 
on the substrate during the deposition process. Moreover, the Raman spectrum of 
figure 5.5b reveals several peaks matching the Raman shifts assigned to Cr2O3 [5-7] 
and one peak at ~690 cm-1 assigned to CrO2 [8-10]. 
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Figure 5.5: a) EDS and b) micro-Raman spectra of a film deposited with E = 31.5 mJ/pulse, 
at PT = 0.21 mbar, φO
2
 = 10 sccm and Tcell = 10 ºC. 
 The CrO2 line is broad suggesting a low crystallinity phase and has a low 
intensity indicating that its amount is scarce. It is worth noting that, since most of the 
CrO2 Raman peaks overlap those of the Al2O3 (0001) substrate, only the B2g peak of 
CrO2 at 682 cm-1 may be used to clearly identify the presence of this oxide phase 
when analysing thin films. The possible existence of other chromium oxides, namely 
Cr3O8 and Cr2O5 was discarded by comparing our results with those reported by J.E. 
Maslar et al. [11] for these compounds.  
 By decreasing the laser fluence, the photolytic decomposition of Cr(CO)6 still 
occurs but no crystalline chromium oxide phases are obtained. As can be seen in the 
a) b)
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EDS spectrum of figure 5.6a for a film deposited with E = 13.5 mJ/pulse, the two 
characteristic lines of Cr were still measured, but the spectrum in figure 5.6b reveals 
no other peaks besides those matching the Al2O3 Raman shifts. Therefore, chromium 
oxide crystallization did not occur, may be because the energy density is lower than 
that needed to photodecompose completely the hexacarbonyl. Consequently, the 
chromium present in the deposited material can be due to the adsorbed Cr(CO)x 
photofragments resulting from the uncompleted decomposition of Cr(CO)6 during the 
deposition process. 
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Figure 5.6: a) EDS and b) micro-Raman spectra of a film deposited with E = 13.5 mJ/ pulse, 
at PT = 0.25 mbar, φO
2
 = 10 sccm and Tcell = 10 ºC. 
 In summary, the results show that Cr(CO)6 is a viable precursor for KrF laser-
assisted CVD of chromium oxides using sapphire substrates. Furthermore, laser 
fluence is a crucial experimental parameter towards the synthesis of chromium oxides, 
in particular of CrO2. Fine grained thin films containing both Cr2O3 and CrO2 oxide 
phases were obtained. Although some CrO2 was synthesized, the deposition area and 
the amount of material deposited is too small for a complete structural and magnetic 
characterization. Also, reproducibility was low mainly due to the high amount of 
material deposited on the transmission window during deposition, leading to an 
a) b) 
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uncontrollable temporal decrease of the laser fluence on the substrate. Clearly, argon 
must be used to flash the windows of the chamber in order to overcome this problem. 
 Aiming at increasing the reproducibility of the results and the amount of CrO2 in 
the deposited films, some modifications to the previous setup were carried out and a 
new set of experiments were performed. A scheme of the new setup is presented in 
figure 5.7a. Instead of entering the deposition chamber along the horizontal direction, 
the laser beam was deviated by a 90º mirror and entered the chamber along the 
vertical direction. The substrate, Al2O3 (0001), was mounted horizontally, making 90º 
with the laser beam as shown in figure 5.7b. Also, the entrance quartz window was 
replaced by a lens (f = 200 mm) which was fitted with the help of an aluminium 
casing and a Vitton o’ring. The use of a lens as the transmission window minimizes the 
laser fluence on the inner face of the window/lens and thus the deposition of material 
on its inner surface. A 5 × 10 mm2 mask was placed on the beam trajectory before the 
lens. 
 
8
7
5 4
9
11
10
6
O2
Cr(CO)6
13
Ar
9
12
14
4
1
3
2
Deposition
Chamber
 
 
1 – Excimer laser (KrF) 
2 – Attenuator 
3 – Telescope 
4 – Mirror  
5 – Mask 
6 – Lens/window 
7 – Substrate holder 
8 – Vacuum gauges (pirani and 
penning) 
9 – Mass flow controller (MFC) 
10 – Throttle valve 
11 – Cryogenic pump 
12 – Mechanical pump 
13 – Cr(CO)6 cell 
14 – Gate valve 
Figure 5.7: a) Scheme of the experimental setup used for LCVD experiments and b) 
detail of the sample holder perpendicular to the KrF laser beam. 
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b)
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 Argon (φAr = 50 sccm) was used as buffer gas to flash the inner surface of the 
lens used as transmission window and to focus the laser beam. The base pressure 
achieved was lower than 5 x 10-6 mbar as in the previous experiments. Film growth 
took place in dynamic regime at a total pressure of PT = 0.5 mbar. Oxygen was used 
as carrier gas, except in the experiments carried out in a non-oxidant atmosphere 
where it was replaced by argon. The chromium oxide films were grown at room 
temperature on Al2O3 (0001) substrates for a laser pulse repetition rate of 5 Hz. 
 The deposition experiments and characterization methods were mainly focused 
on films phase analysis as a function of laser fluence and of O2/Cr(CO)6 partial 
pressure ratio, (pO2 /pCr). The gas flow model described in section 4.2.1 was used to 
estimate reactants partial pressure and laser fluence at the substrate surface. Table 
5.5 presents the experimental parameters as well as the ranges deduced for the 
estimated parameters. 
Table 5.5: Experimental and estimated parameters for films grown at PT = 0.5 
mbar, in perpendicular configuration. 
Experimental parameters Values 
Beam energy at 5 Hz, E (mJ) 4.1 – 15.6 
Spot area, S (mm2) 8.2 
Cr(CO)6 cell temperature, Tcell (ºC) 19.0 – 22.0 
O2 carrier flow rate, φO
2
 (sccm) 1 – 10 
Ar flow rate, φAr  (sccm) 50 
Total pressure, PT (mbar) 0.5 
L (cm) 152 
D (cm) 0.4 
Deposition time, tdep (min) 240 – 360 
Estimated parameters  
Fluence at the substrate, F (mJ cm-2) 40 – 190 
Cr(CO)6 flow rate, φCr  (sccm) 1.1 – 1.3 
Cr(CO)6 partial pressure, pCr  (mbar) 0.007 – 0.023 
O2 partial pressure, pO
2
 (mbar) 0 – 0.008 
Ar partial pressure, pAr (mbar) 0.401 – 0.488 
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 The as-deposited films present good adherence when manipulated and are 
approximately rectangular in shape according the laser beam profile. Optical 
microscopy observations revealed that they are quite homogeneous and exhibit a 
colour varying between greenish and nearly black, depending on the processing 
parameters used on their synthesis. Since Cr2O3 has a characteristic green colour 
while CrO2 is (metallic) black, film colour can be used as first control to infer the 
presence of chromium (IV) oxide in the deposited material. Films produced with partial 
pressure ratio pO2 /pCr = 1 tend to be darker, otherwise the greenish colouration tends 
to be dominant. Figure 5.8 presents an example of a film’s optical micrograph. 
 
Figure 5.8: optical micrograph of a film 
grown during 4 hours for PT = 0.5 mbar, 
F = 75 mJ cm-2, and pO
2
 /pCr = 1. 
 Also the microstructure of the films may be related with both chromium oxide 
phases. Films of Cr2O3 often consist of spheroid particles [12], whereas CrO2 usually 
appears as rod-shaped particles [13]. As can be concluded from SEM micrograph 
analysis (figure 5.9 and figure 5.10) the deposited samples show a microstructure 
dependent mainly on pO2 /pCr. The smaller and randomly oriented rod-shaped particles 
prevail in the darker films synthesised with pO2 /pCr = 1. As it will be discussed 
hereafter, the structural analysis of the samples strongly supports that films produced 
with pO2 /pCr = 1 are those with higher content of CrO2. 
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Figure 5.9: SEM pictures of films grown during 4 hours for PT = 0.5 mbar, F = 75 mJ 
cm-2, and pO
2
 /pCr values of: a) 0; b) 0.7; c) 1.0 and, d) 4.4. 
  
Figure 5.10: SEM pictures of films grown during 4 hours for PT = 0.5 mbar, pO
2
 /pCr 
= 1 and a) F = 60 mJ cm-2, b) F = 100 mJ cm-2. 
 Figure 5.11 shows the X-ray diffraction patterns and figure 5.12 the micro-
Raman spectra of films deposited during 4 hours with F = 75 mJ cm-2 and 
pO2 /pCr ratios ranging from 0 to 4.4. For films grown at pO2 /pCr < 1, only the Cr2O3 
phase was identified and no traces of crystalline CrO2 phase were observed. Also the 
film deposited with pO2 /pCr > 1 shows no evidence of CrO2 deposition. The formation 
of both polycrystalline Cr2O3 and CrO2 phases was achieved in samples grown only 
with pO2 /pCr = 1. In the XRD pattern, the characteristic diffraction peaks of Cr2O3 and 
a) b)
c) d)
a) b)
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the (110) and (111) diffraction lines of CrO2 were indexed. Also, in the Raman 
spectrum, the B2g vibration mode of CrO2 is clearly identified. 
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Figure 5.11: θ-2θ XRD patterns of films grown during 4 hours for 
PT = 0.5 mbar, F = 75 mJ cm
-2, and pO
2
 /pCr values of: a) 0; b) 0.7; 
c) 1.0 and d) 4.4. 
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Figure 5.12: micro-Raman spectra of films grown during 4 hours 
for PT = 0.5 mbar, F = 75 mJ cm
-2, and pO
2
 /pCr values of: a) 0; b) 
0.7; c) 1.0 and d) 4.4. 
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 Although the role of oxygen on the chemical reaction that leads to the co-
deposition of both chromium oxide phases by photodecomposition of Cr(CO)6 is not 
completely understood, our results show that oxygen is absolutely necessary to 
synthesise CrO2 but not to achieve Cr2O3 deposition. In fact, the latter phase can be 
grown without oxygen as a possible result of the recombination of Cr with the free 
oxygen released from the decomposition of Cr(CO)6 at low temperature. The results 
show that co-deposition of both polycrystalline oxide phases is only obtained when the 
precursors partial pressure ratio is close to unity. On the other hand, the observed 
broadening of the Cr2O3 diffraction peaks, table 5.6, shows that crystallinity has the 
maximum value also for pO2 /pCr = 1.  
Table 5.6: results of the fittings of the Raman profiles in figure 5.12. 
Band position (cm-1) FWHM (cm-1) Intensity ratio Film 
reference 
pO
2
 /pCr  
Cr2O3 (A1g) CrO2 (B2g) Cr2O3 (A1g) CrO2 (B2g) CrO2 (B2g)/Cr2O3 (A1g) 
d) 4.4 552 - 20 - - 
c) 1.0 555 702 11 31 0.478 
b) 0.7 552 - 14 - - 
a) 0.0 552 - 18 - - 
 Besides partial pressure ratio, also laser fluence plays an important role on the 
phase composition of the deposited material. Figure 5.13 shows the X-ray diffraction 
patterns and micro-Raman spectra of films deposited during 4 hours with pO2 /pCr = 1 
and different F values. Each Raman spectrum was normalised to its Cr2O3 A1g peak 
intensity to help the comparison among the various spectra.  
 As previously described, the XRD pattern of the film grown with F = 75 mJ cm-2 
(figure 5.13a, film I) clearly matches the (110) and (111) diffraction planes of CrO2 as 
well as the diffraction lines of Cr2O3. Confirming the synthesis of chromium (III, IV) 
oxides, the micro-Raman spectrum recorded over the same sample (figure 5.13b, film 
I) reveals an intense peak assigned to the B2g mode of CrO2, at 701 cm-1 Raman shift, 
in addition to the symmetric bands of Cr2O3. By decreasing the laser fluence, film 
thickness decreases and a higher degree of amorphisation is induced in the deposited 
material. In fact, on the XRD pattern of the film synthesised with F = 60 mJ cm-2 
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(figure 5.13a, film II) only the (104) and (110) diffraction peaks of Cr2O3 can be 
clearly identified, and these peaks are broader and less intense than for film I. 
Concerning the chromium dioxide, the XRD data indicate that either it was not formed 
at this fluence or it formed with a high level of amorphisation. However, the micro-
Raman spectrum of the same film (figure 5.13b, film II) provides evidence that co-
deposition of CrO2 and Cr2O3 still occurs at F = 60 mJ cm-2; besides the Cr2O3 peaks, 
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Figure 5.13: a) θ-2θ XRD patterns and b) micro-Raman spectra of 
films grown during 4 hours with different F values. Deposition 
parameters: PT = 0.5 mbar, pO
2
 /pCr = 1. Film I, F = 75 mJ cm
-2; 
film II, F = 60 mJ cm-2; film III, F = 100 mJ cm-2. Each Raman 
spectrum was normalised to its Cr2O3 A1g peak intensity. 
a) 
b) 
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also the CrO2 B2g band is present in the Raman spectrum. By comparing the data for 
films I and II, the amorphisation of both oxides is well observed via the increase of the 
full-with at half-maximum (FWHM) of the Cr2O3 A1g and CrO2 B2g symmetric modes for 
film II as can be seen in table 5.7. The FWHM was determined by fitting each peak 
with a Lorentzian function. Besides amorphisation, a low laser fluence also yields a low 
relative content of CrO2 since the intensity ratio (CrO2, B2g)/(Cr2O3, A1g) for film II is 
about 12% lower than for film I. On the other hand, the increase of laser fluence to 
100 mJ cm-2 favours the deposition of crystalline Cr2O3. The FWHM of the band at 
~555 cm-1 decreases from film I to film III and the Cr2O3 Eg bands are better resolved 
for film III, figure 5.13b. The absence of CrO2 diffraction lines on pattern III of figure 
5.13a may be due to an extended transformation of the initially formed CrO2 into 
Cr2O3 caused by heating of the film/substrate during the deposition process at higher 
laser fluences. Indeed, films processed with F > 120 mJ cm-2 displayed features 
suggesting either surface melting or phase transformation of the sapphire substrate. 
Table 5.7: results of the fittings of the Raman profiles in figure 5.13. 
Band position (cm-1) FWHM (cm-1) Intensity ratio Film 
reference 
F 
(mJ cm-2) Cr2O3 (A1g) CrO2 (B2g) Cr2O3 (A1g) CrO2 (B2g) CrO2 (B2g) / Cr2O3 (A1g) 
II 60 552 700 25 39 0.478 
I 75 555 702 11 31 0.542 
III 100 555 701 10 30 0.524 
 In figure 5.14a, the lateral thickness profile evolution of films grown with 
pO2 /pCr = 1 and F = 75 mJ cm
-2 with deposition time is presented. The average 
thickness of each of the films was determined and plotted as a function of deposition 
time in figure 5.14b. Clearly, film thickness increases linearly with deposition time, 
giving an apparent deposition rate of 0.05 nm s-1. The intersection of the straight line 
with the time axis gives a characteristic time Δt ≅ 50 min, which is very close to the 
time delay observed experimentally between the instant the laser is turned on and the 
abrupt change of sample reflectivity. 
5. Laser-assisted Chemical Vapour Deposition – Results and discussion 
 103 
0 1 2 3 4 5 6 7 8 9
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
360 min
240 min
 
he
ig
ht
 (μ
m
)
Lenght (mm)
120 min
 
100 150 200 250 300 350 400
0
200
400
600
800
1000
1200
 
Fi
lm
 th
ic
kn
es
s (
nm
)
Deposition time (min)
 
Figure 5.14: a) film profile as a function of deposition time, and b) film thickness vs. 
deposition time for chromium (III, IV) oxides films processed with the following parameters: 
PT = 0.5 mbar, pO
2
 /pCr = 1 and F = 75 mJ cm
-2. 
 The profiles evolution shows that in the first 3 hours the deposition is faster 
along the borders of the film as suggested by the volcano shape profile. However, 
after 4 hours the deposition starts to be faster in the centre of the film and, 
apparently, at the same time there is also the removal of material from the borders of 
the film. This profile evolution indicates that there are diffraction effects due to the use 
of a mask that produce a higher energy density at the borders of the beam. 
 In summary, films displaying a behaviour consistent with the two-phase system 
of Cr2O3 and CrO2 oxides were produced by KrF laser photodissociation of Cr(CO)6 in 
dynamic atmospheres containing oxygen and argon at room temperature. It was 
shown that precursors partial pressure ratio and laser fluence are the prominent 
parameters that have to be accurately controlled in order to co-deposit the crystalline 
oxide phases. Biphasic films with both the CrO2 and Cr2O3 phases were grown for 
estimated laser fluence and pO2 /pCr ratio values centred at 75 mJ cm
-2 and 1, 
respectively. The results obtained allowed us to propose a LCVD Cr2O3/CrO2 phase 
diagram for PT = 0.5 mbar (figure 5.15). 
a) b) 
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Figure 5.15: proposed Cr2O3/CrO2 phase diagram for the 
LCVD of Cr(CO)6 on sapphire substrates for PT = 0.5 mbar. 
 Although the deposition of CrO2 has been achieved at RT within a narrow 
window for the experimental parameters, the amount of Cr2O3 was still significant and 
an obstacle to any magnetic characterization. LCVD technique seems however to open 
an interesting approach to the synthesis of biphasic chromium (III, IV) oxide films.  
5.3 Growth on Al2O3 (0001) at 10
-5 mbar 
 Since the results at the 10-1 mbar pressure range were not totally satisfactory 
we decided to lower the working pressure drastically. As described in section 2.2.2, 
Dowben et al. [14] reported that the amount of CrO2 within the deposited material 
increases as the working pressure is decreased to ~10-5 mbar, using the Cr(CO)6 
precursor, Si(111) substrates and a nitrogen laser (λ = 337 nm). To achieve these 
very low working pressures, some modifications of our deposition setup were once 
more necessary. First, a turbo molecular pump was installed which worked with a 
primary mechanical pump, to increase the pumping power. Using both pumps allowed 
to evacuate the chamber to a base pressure lower than 2 × 10-6 mbar. A few tests 
were carried out to determine the maximum gas flow rate that the pumping system 
could sustain. 
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 The deposition experiments were conducted at RT in dynamic gas regime at a 
constant total pressure of 4.5 × 10-5 mbar. The temperature of the chromium 
hexacarbonyl powder was set at 22 ºC. The precursor flow rate to the deposition 
chamber was adjusted using a metering valve only by pressure difference, because 
pCr >> PT. The O2 flow rate varied in the range 0.02 - 0.2 sccm, being controlled by a 
highly sensitive mass flow meter. In the Cr(CO)6 partial pressure range studied, the 
absorption of the laser radiation by the gas phase is lower than 1% which made the 
laser beam path invisible inside the deposition chamber. Since no deposition on the 
transmission window was detected, the use of argon buffer gas was avoided. In this 
case, the reactants partial pressure could be directly measured by pressure difference. 
 The laser beam irradiated the Al2O3 (0001) substrate at perpendicular incidence 
and the beam spot size was 8.2 mm2 on the substrate surface. The focusing lens, 
f = 200 mm, was again used as the chamber transmission window. The processing 
parameters used in this set of experiments are presented in table 5.8. 
Table 5.8: Experimental parameters at PT = 10
-5 mbar - perpendicular geometry. 
Experimental parameters Values 
Laser frequency (Hz) 5 – 10 
Laser fluence, F (mJ cm-2) 60 – 120 
Spot area (mm2) 8.2 
Total pressure, PT × 10
-5 (mbar) 4.0 – 9.5 
Cr(CO)6 partial pressure, pCr × 10
-5 (mbar) 1.0 – 4.0 
O2 partial pressure, pO
2
 × 10-5 (mbar) 0.5 – 8.5 
Deposition time, tdep (hours) 2 – 8 
 We found the deposition of some material only for a very narrow range of the 
experimental parameters, although reproducibility was excellent. Due to the low 
Cr(CO)6 partial pressure, the deposition was clearly surface mediated. Only at the 
substrate level some scattering of the laser radiation was observed.  
 The as-deposited films are green coloured, present good adherence to the 
substrate and follow the laser beam profile. Films deposited at F < 120 mJ cm-2 do not 
completely cover the substrate; for F < 60 mJ cm-2 and/or pO2 /pCr > 2.9, apparently 
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there is no deposition. The films consist basically of the Cr2O3 phase. The laser fluence 
and the pO2 /pCr ratio values were correlated with microstructure, phase evolution, 
crystallinity and deposition rate. 
 5.3.1 Influence of laser fluence and reactants partial pressure 
 In figure 5.16, the micro-Raman spectra and the XRD patterns of films 
deposited at F = 120 mJ cm-2 during 4 hours as a function of pO2 /pCr is shown.  
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Figure 5.16: a) micro-Raman spectra and b) θ-2θ XRD 
patterns of films deposited on sapphire at PT = 4.5×10
-5 mbar, 
F = 120 mJ cm-2, tdep = 4 hours and for different pO
2
 /pCr values. 
a) 
b) 
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The analysis of the micro-Raman spectra reveals the deposition of the Cr2O3 phase. In 
the diffractograms of figure 5.16b some diffraction peaks were identified for films 
deposited at pO2 /pCr = 0.3 and 1.0. They were all indexed to the Cr2O3 phase. For 
pO2 /pCr = 0.1 and 2.9 the deposition rate and/or the crystallinity is very low. The 
micro-Raman peaks FWHM and intensity indicate that the film deposited at pO2 /pCr = 
2.9 has nevertheless a higher degree of crystallinity. To assess these correlations the 
film thickness was measured as a function of pO2 /pCr for F = 120 mJ cm
-2, using a 
Dektak stylus profilometer. In figure 5.17a, film thickness as a function of pO2 /pCr is 
presented for F = 120 mJ cm-2. The deposition rate clearly increases with O2 pressure 
up to pO2 /pCr ~1.5, decreasing sharply for higher pressure ratios. Films grown at 
pO2 /pCr = 0.1 and 2.9 have similar thicknesses but clearly the film grown at pO2 /pCr = 
2.9 is more crystalline. Films deposited for a ratio of ~1 are the ones with the highest 
deposition rate, reaching values of 0.1 nm s-1. Although the partial pressure range 
used in this set of experiments is 104 times smaller than the one used in the previous 
set of experiments, the deposition rate is 2 times higher, confirming the efficiency of 
the photolysis process. Figure 5.17b presents the profile of the same film, as 
determined by the stylus profilometer. 
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Figure 5.17: a) film thickness as a function of pO
2
 /pCr ratio for F = 120 mJ cm
-2, tdep = 4 
hours; (--) fitting curve with a 2nd degree polynomial; b) profile of the film deposited with 
pO
2
 /pCr = 1.  
a) b) 
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 The interpretation of the influence of pO2 /pCr on the deposition trend observed 
in figure 5.17a may be given on the basis of surface interactions. Parnis et al. [15] 
reported that the reaction rate of Cr with O2, where Cr results from the 
photodissociated Cr(CO)6, increases linearly as a function of pO2, producing CrO2 
molecules. Thus, a linear increase of the chromium oxide deposition rate with 
increasing pO2 /pCr would be expected if the interactions of the substrate surface with 
the gaseous atmosphere were irrelevant. In fact, as discussed in chapter 3.3, the 
deposition is initiated by one-photon dissociation of the hexacarbonyl to Cr(CO)x 
photoproducts which are adsorbed at the substrate surface within the laser beam spot 
and further dissociate to Cr. When O2 is present, the final reaction step is the surface 
reaction to form the chromium oxides. Although in the molecular state, O2 is also 
competing for the same adsorption sites as Cr(CO)x does. The decrease in the 
available surface adsorption sites for the chromium precursor with increasing oxygen 
pressure leads to the decrease of the chromium oxide deposition rate. 
 Similar experiments with different pO2 /pCr values were conducted for laser 
fluences of 80 mJ cm-2 (figure 5.18) and 60 mJ cm-2 (figure 5.19). The micro-Raman 
spectra present dramatic changes with decreasing laser fluence, for both sets of 
experiments, although, apparently, the pO2 /pCr value has little effect on the phase 
composition of the films since, as referred before, no other phase besides Cr2O3 was 
observed.  
 The almost inexistence of peaks on the XRD pattern, and even the indexing of 
some substrate (Al2O3) peaks on the Raman spectra, is an indication that deposition 
rate decreases significantly with decreasing laser fluence. In fact, it was not possible 
to determine reliable thicknesses values for these films since they are very thin and 
their surface is not completely covered. Furthermore, for lower laser fluences, the 
effect of the pO2 /pCr ratios seems to be much more significant. For clarity, the plots of 
the micro-Raman spectra for the different pO2 /pCr values were grouped in figure 5.20 
to figure 5.23. As referred before, it is clear from the analysis of these micro-Raman 
spectra that the deposition rate decreases with decreasing laser fluence but this effect 
is much more pronounced for films other than the ones grown at pO2 /pCr  = 1.0, as for 
example, at pO2 /pCr  = 2.9 and F = 60 mJ cm
-2 for which no deposition occurs. figure 
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5.24 shows the full width at half maximum (FWHM) of the A1g vibration mode of Cr2O3 
as a function of the pO
2
 /pCr ratio for three values of laser fluence. 
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Figure 5.18: a) micro-Raman spectrum and b) θ-2θ XRD 
patterns of films deposited on sapphire at PT = 4.5×10
-5 mbar, 
F = 80 mJ cm-2 and tdep = 4 hours for different pO
2
 /pCr values. 
a) 
b) 
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Figure 5.19: micro-Raman spectra of films 
grown on sapphire at PT = 4.5×10
-5 mbar, 
F = 60 mJ cm-2 and tdep = 4 hours for 
different pO
2
 /pCr values. 
Figure 5.20: micro-Raman spectra of films 
grown with different F values for pO
2
 /pCr 
= 0.1. 
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Figure 5.21: micro-Raman spectra of films 
grown with different F values for pO
2
 /pCr 
= 0.3. 
Figure 5.22: micro-Raman spectra of films 
grown with different F values for pO
2
 /pCr 
= 1.0. 
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Figure 5.23: micro-Raman spectra of films 
grown with different F values for pO
2
 /pCr 
= 2.9. 
Figure 5.24: FWHM of the Cr2O3 A1g 
Raman peak vs. pO
2
 /pCr for films deposited 
on sapphire with PT = 4.5 ×10
-5 mbar, 
tdep = 4 hours and different F values. 
 Analysing in more detail the results we can say that the films deposited with F 
= 120 mJ cm-2 besides being the thickest ones, they are also the most crystalline as 
deduced from Raman spectroscopy. In fact, films crystallinity follows the same trend 
as the thickness. For lower laser fluence values, 80 and 60 mJcm-2, films crystallinity 
evolution is similar to that for F = 120 mJ cm-2, but the differences between films 
grown with different pO2 /pCr ratios are much more significant. Moreover, films 
deposited with pO2 /pCr = 1.0 are also the most crystalline independently of the laser 
fluence used in their growth. 
5.3.2 Microstructure 
 The microstructure of the as-grown films was studied mainly by scanning 
electron microscopy (SEM). In general, a significant difference occurs in films 
microstructure, amount of deposited material and surface coverage when decreasing 
the laser fluence from 120 to 60 mJ cm-2. SEM micrographs of films deposited with F = 
120 mJ cm-2 for several pO2 /pCr values are shown in figure 5.25.  
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SEM sample picture F = 120 mJ cm-2 pO
2
 /pCr  
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Figure 5.25: SEM images of the surface of samples deposited for 4 hours with 
F = 120 mJ cm-2, for several values of pO
2
 /pCr and corresponding particle length distribution. 
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Using several SEM images, the length of about 400 particles was measured to build 
the distribution histograms and to determine the cumulative percentage shown on the 
graphs of figure 5.25 for each pO2 /pCr value. Films with a ratio of 2.9 and 1.0 have a 
mean particle size of 1.8 μm and an approximated log-normal distribution usually 
explained by the Brownian coagulation model [16]. Films with pO2 /pCr values of 0.3 
and 0.1 have a mean size of 2.0 μm but with an increased flatness in distribution for 
the first one (0.3) and the separation in two distributions (bi-modal distribution) for 
the second (0.1). This kind of evolution of particle distribution can be attributed to a 
decrease in crystallinity in the first case and to phase segregation in the second one. 
For pO2 /pCr = 0.1, the segregation could be explained by the formation of a second 
phase which could be metallic Cr or a low oxygen content chromium phase. 
 Figure 5.26 displays SEM micrographs of samples deposited at F = 80 mJ cm-2. 
As mentioned, in some cases very low surface coverage is reached. Films grown at low 
pO2 /pCr values, 0.1 and 0.3, are even quite heterogeneous and composed of islands of 
fine particles. The microstructure of films grown with pO2 /pCr = 1.0 and 2.9 consists of 
layers of small particles ranging from 260 to 390 nm. 
  
  
Figure 5.26: SEM micrographs of samples deposited during 4 hours with 
F = 80 mJ cm-2 for pO
2
 /pCr values of a) 0.1, b) 0.3, c) 1.0 and d) 2.9.  
c) 
d) 
a) b) 
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5.3.3 Summary 
 Film’s microstructure, phase evolution and deposition rate at PT = 10-5 mbar 
were studied for several experimental parameters. Although a broad scanning of the 
deposition parameters was made, and an excellent reproducibility was attained, no 
improvement on the amount of the CrO2 phase in the films grown on sapphire 
substrates was achieved in comparison with the results obtained in the 10-1 mbar 
range. Indeed, Cr2O3 was the only phase that could be identified in the films produced 
at PT = 10-5 mbar. Films grown at F = 120 mJ cm-2 and pO2 /pCr = 1 have the highest 
deposition rate and crystallinity. 
 The results obtained allowed to draw the phase diagram for thin films in the 
Cr/O system, prepared by LCVD at PT = 10-5 mbar (figure 5.27). 
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Figure 5.27: proposed Cr/O phase diagram for the LCVD 
of Cr(CO)6 on sapphire substrate at PT = 10
-5 mbar. 
 We found a correlation between laser fluence and pO2 /pCr ratio with phase 
evolution, crystallinity, deposition rate and particle size and distribution. Laser fluence 
increases the deposition rate and the Cr2O3 phase crystallinity. Oxygen is essential for 
the growth of fully crystalline Cr2O3, but it also appears to compete with the Cr(CO)6 
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photoproducts for the same surface adsorption sites, as deduced from the deposition 
rate study as a function of pO2 /pCr. 
5.4 Parallel configuration 
 The implementation of a deposition apparatus with a parallel configuration 
(laser beam path // to the substrate surface) was developed with the main objective 
of eliminating the laser-substrate and the laser-film interactions which might damage 
the substrate-film interface or promote the decomposition/phase transformation of 
CrO2, respectively. Besides the obvious geometry change in the deposition setup, new 
heated stainless steel substrate holders and a micrometer adaptor, shown in figure 
5.28, to control the laser-substrate distance with a step size of 0.01 mm were 
installed. It was also necessary to adapt new vacuum fittings with appropriate 
connections for the thermocouples and the electrical current cables. A power supply 
was used together with a feedback temperature controller. 
 
Figure 5.28: MitutoyoTM micrometer adaptor to control the 
substrate-laser beam distance with 0.01 mm step size. 
 One of the substrate holders used is shown in figure 5.29 where some other 
details of the setup inside the deposition chamber are also indicated. The heating 
resistance is a KanthalTM wire electrically protected by ceramic elements. This holder is 
limited to heating temperatures of ~200 ºC. In figure 5.30 a second holder is shown, 
made of similar elements but with the capability to reach temperatures of ~400 ºC. 
 The pumping system and gas delivery system were identical to those displayed 
on figure 5.1. An argon gas jet was used to flash the lens/transmission window and 
the exit window. Although the laser beam at the substrate level was ~2 mm high, 
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there was always some material deposited all over the unmasked substrate, ~5 × 10 
mm2, and all around the substrate holder. Experimental parameters used with the 
parallel geometry are presented on table 5.9. 
 
Figure 5.29: details of the setup and substrate holder used 
for low temperature TS < 200 ºC deposition using the parallel 
configuration; a) front view and b) side view. 
 
Figure 5.30: detail of the setup 
and substrate holder used for high 
temperature deposition using the 
parallel configuration. Picture taken 
during a deposition experiment. 
 The properties of the as-deposited films strongly depend on experimental 
parameters, mainly on substrate temperature. The results here presented concern thin 
films grown with the same experimental parameters except for TS and laser-substrate 
distance, Δl. Structural characterization of the deposited films was made by XRD. 
Laser 
beam 
Substrate 
Holder 
Thermocouple 
Heating resistance 
Heating 
resistance 
Gas mixture 
entrance 
Substrate 
Substrate 
holder 
UV laser  
a)
b)
Thermocouple 
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Morphology and microstructure were analysed by optical microscopy (OM) and 
scanning electron microscopy (SEM). 
Table 5.9: Experimental parameters tested in LCVD experiments carried 
out with parallel configuration. 
Experimental parameters  
Beam energy, E (mJ) 7.5 
Pulse repetition rate (Hz) 15 
Ar flow rate, φAr (sccm) 80 
O2 flow rate, φ O
2
 (sccm) 1.5 
Cr(CO)6 cell temperature, Tcell (ºC)  22 – 25 
Total pressure, PT (mbar) 0.5 
Deposition time, tdep 5h30m 
Substrate temperature, TS (ºC) 100 – 390 
Laser-substrate distance, Δl (mm) 0.03 – 1.00 
 The first experiments were carried out for a substrate temperature of 100 ºC 
and different Δl values at PT = 0.5 mbar and a laser repetition rate of 15 Hz. The as-
deposited films are almost colourless but with different light dispersion patterns. The 
SEM analysis showed films with a high density of cracks as can be seen in figure 
5.31a. Furthermore, films grown with the smallest Δl value (0.03 mm) also presented 
droplets at the intersection of several cracks (figure 5.31b). These cracks should not 
  
Figure 5.31: SEM micrographs of films deposited on sapphire with E = 7.5 mJ, 
tdep= 5h30m, PT = 0.5 mbar, φAr = 80 sccm, pO
2
 /pCr = 1, TS = 100 ºC, and: a) 
Δl = 0.40 mm; b) Δl = 0.03 mm. 
a) b) 
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be due to different thermal expansion coefficient, αE, of the film material and of the 
substrate. The Al2O3 and Cr2O3 phases, for instance, have αE values of 8.3 × 10-6 K-1 
and 9 × 10-6 K-1 respectively [17]. Furthermore, film growth took place at a low 
temperature of 100 ºC. 
 The XRD analysis revealed that the films deposited at TS = 100 ºC are 
amorphous, no matter the value assumed by Δl (bottom of figure 5.32). For the same 
experimental conditions but increasing TS up to 250 ºC, the cracks disappear and the  
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Figure 5.32: θ-2θ XRD patterns of films deposited in the parallel 
configuration for different TS and Δl. E = 7.5 mJ, tdep = 5h 30m, 
PT = 0.5 mbar, φAr = 80 sccm, and pO
2
 /pCr = 1.0. Vertical full lines 
index Cr2O3 and dash lines the CrO2 phase. 
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films tend to be slightly darker, and although still amorphous they present a XRD 
broad peak at 2θ ~35º growing with TS, which can be assigned to chromium oxides 
starting to crystallise. Apparently, at TS > 100 ºC the laser-substrate distance has no 
effect on films structure. Visual inspection during the deposition process made it clear 
that the laser beam is less absorbed by the reactive atmosphere inside the deposition 
chamber with increasing substrate temperature. In fact, because the reactive gas 
mixture enters the deposition chamber close to the substrate, at less than 1 cm as can 
be seen in figure 5.29, if TS > 210 ºC which is the precursor decomposition 
temperature, the Cr(CO)6 will immediately thermally decompose near the substrate. 
At these high temperatures, the process should then be essentially pyrolytic instead of 
photolytic. At TS > 250 ºC this effect is more obvious and because of this the laser 
beam becomes redundant for deposition. Films deposited at TS = 300 ºC and 390 ºC 
are green coloured but the deposits have very poor adhesion to the substrate. With 
manipulation some particles come off the films surface in the form of flakes which also 
happens during the deposition process since the same particles where found on the 
bottom of the LCVD chamber. Films have a very smooth surface as can be seen in the 
SEM pictures of figure 5.33, although some cracks where observed by optical 
microscopy. An average particle size of ~1 μm was estimated for films grown at Ts = 
390 ºC. Figure 5.34 presents the XRD patterns of films deposited at those high 
temperatures, where only the Cr2O3 polycrystalline phase was identified. 
  
 
Figure 5.33: SEM micrographs of 
films deposited with E = 7.5 mJ, 
tdep = 5h 30m, PT = 0.5 mbar, φAr = 80 sccm, pO
2
 /pCr = 1.0 and 
different TS values. 
TS = 250 ºC TS = 300 ºC 
TS = 390 ºC 
10 μm 10 μm 
10 μm 
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Figure 5.34: θ-2θ XRD patterns of films deposited in parallel geometry with E = 7.5 mJ, tdep = 
5h 30m, PT = 0.5 mbar, φAr = 80 sccm, pO
2
 /pCr = 1.0 and Δl = 1.0 mm at: a) 300 ºC and b) 
390 ºC. Only Cr2O3 was indexed. 
 To summarize, using the KrF laser in the parallel (or pure photolytic) geometry 
it was not possible to obtain a chromium crystalline phase at low temperature. At 
substrate temperatures > 250 ºC the deposition of Cr2O3 is achieved but the Cr(CO)6 
thermal decomposition is the prevailing mechanism the laser action becoming 
irrelevant to the deposition process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b)
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6. Chemical Vapour Deposition 
Experimental setup and procedures 
In this chapter the work carried out aiming at the development and optimization of the 
experimental setup and procedures to grow chromium (IV) oxide thin films by 
(conventional/thermal) Chemical Vapour Deposition (CVD) is described. In particular, 
the study of the deposition process in terms of reactor configuration will be presented.  
 In order to carry out this study, the method proposed by Ishibashi et al. [1;2] 
at the end of the seventies was used as the starting point. The original setup 
developed by these authors, and followed by many others (table 2.5), is shown in 
figure 6.1. It consists of a reaction tube inside a two-zone furnace. The chromium 
precursor, chromium (VI) oxide (CrO3), was evaporated at Tp ~260 ºC from a ceramic 
boat placed in the first zone and carried into the second zone of the furnace by an O2 
flow rate (φO2) of 500 sccm. The substrate holder, made of fused silica, stayed in the 
second zone at TS = 390 − 400 ºC. Experiments were conducted at atmospheric 
pressure, with the oxygen flowing freely out of the reaction tube. Additional details 
about the setup are given in table 6.1. 
 
Figure 6.1: scheme of the apparatus used by Ishibashi et al. [1] for the CrO2 films growth. 
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 More recently, around 2001, this setup was further developed in the Florida 
State University by S. M. Watts [3] and P. G. Ivanov [4] in the course of their Ph.D. 
studies. Details about their work can also be seen in references [5;6]. Apparently, the 
most important engineering development performed by the later authors was the 
replacement of the two-zone furnace by a single-zone one and, concomitantly, the 
replacement of the substrate holder by a heater block with feedback control to 
regulate directly the substrate temperature. Also, both the precursor boat and the 
substrate block with embedded thermocouple and heater cartridge were machined 
from cylinders with low profile, as shown in figure 6.2. However, some problems 
related to reproducibility and temperature calibration were still reported. Watts and 
Ivanov used a home made Cr8O21 precursor, prepared from the thermal decomposition 
of CrO3 under O2 at atmospheric pressure which proved to have some reproducibility 
and chemical stability problems [4]. A major concern was to insure a "laminar flow" of 
oxygen as it reaches the precursor boat and, in order to achieve this, they extended 
the reaction tube on the inlet side by about 30 − 60 cm. More details of the 
experimental parameters used are given in table 6.1. 
 
Figure 6.2: Scheme of the apparatus used by S. M. Watts [3] and P. G. Ivanov [4] for CrO2 
thin films growth. 
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Table 6.1: CVD main experimental parameters used by Ishibashi et al., Watts and Ivanov. 
 Ishibashi et al. [1;2] Watts [3] and Ivanov [4] 
Furnace  type Two-zone furnace 
Single-zone furnace + 
separate substrate heater 
Precursor temperature, Tp (ºC) 260 (CrO3) 280 ± 5 (Cr8O21) 
Substrate Al2O3 Al2O3, TiO2 
Growth temperature, TS (ºC) 390 − 400 390 
Tube diameter, ∅ (cm) 3 2.54 (1”) 
Tube length, L (cm) 90 120 − 160 (?) 
Cold zone (cm) n.a. n.a. 
Source−to−substrate distance (cm) n.a. 5 
Oxygen flow rate, φO
2
 (sccm) 500 500 
Deposition time (tdep) n.a. n.a. 
   
6.1 Development of the experimental setup  
 Before the final optimized version of our deposition setup was built, several 
other setups with different configurations were tested. The first one was built with the 
purpose of being easy to manipulate and to allow the production of films on large 
substrates (20 × 30 mm2). Figure 6.3 presents a scheme of this setup. It was made 
from a 100 cm length glass tube with internal diameter of 6.4 cm. 
 
Figure 6.3: scheme of the first CVD deposition setup tested in our laboratory. 
Heating resistance
Evacuation gas system
O2 Flow 
controller 
Reaction 
tube 
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The tube was centred inside a single-zone furnace with ~33 cm length built 
using a KanthalTM resistive coil protected with an insulating material as can be seen 
schematically in figure 6.4. The coil was connected to a power supply and a 
temperature controller with feedback control, as shown in figure 6.5. The tube was 
fitted with stainless steel flanges with Viton® o’rings which had the appropriate 
connections for the holders and the cables, i.e. thermocouples and electrical current, 
and also for the gas inlet and outlet fittings. The unreacted chemical species were 
always collected and neutralised in an oil bath before evacuation. The stainless steel 
holder for the powder precursor was placed horizontally at mid height of the reactor 
and connected to the flange by a 6 mm diameter tube. The precursor holder was 
aligned with the substrate holder which consisted of a boron nitride heating block 
(35 × 25 × 2 mm3) mounted on a stainless steel support (figure 6.6 and figure 6.7). 
The heating block temperature was controlled independently by means of a power 
supply with feedback control. The substrate holder was inclined 20 degrees relative to 
the horizontal plane. 
 A temperature calibration of the holders was carried out since the 
thermocouples in both the substrate and the precursor were not placed exactly on the 
substrate surface or in direct contact with the precursor powder but near their edge. It 
became clear from the experiments that the reproducibility of the positioning and 
cleaning of the thermocouples was essential for the reproducibility of the experimental 
results. The calibration of the substrate temperature was made with a third 
thermocouple glued with silver paste to the surface of a sapphire substrate 0.5 mm 
thick mounted on the respective heating block. Within normal experimental conditions 
only a variation of ~ -1 ºC between the surface temperature of the sapphire substrate 
and the thermocouple used for calibration was observed. We also recorded the 
temperature profile along the tube, mainly on the hot zone where the resistive coil 
was placed. In figure 6.8, an example of a calibration curve obtained for a precursor 
holder temperature of Tp = 260 ºC is presented. The substrate and precursor holders 
were placed at the centre of the furnace at a distance of ~5 cm. The temperature 
measurements were recorded with the thermocouple inserted in the tube from the 
outlet side, without any load on the precursor holder, at atmospheric pressure and 
oxygen flow rate φO2 = 500 sccm. As can be seen, the uniformity of temperature along 
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the hot zone is not perfect and depends on the number and the spacing of the 
resistance loops. Also, it was possible to observe the thermal effect of the carrier gas 
which enters the tube at RT, from the precursor side, and heats up as it travels along 
the tube. In the case shown in figure 6.8, the temperature of 260 ºC is reached at ~5 
cm from the tube inlet however, this value is obviously dependent on the carrier gas 
flow rate. 
 
Figure 6.4: scheme detailing the tube furnace with the substrate and 
precursor holders. 
  
Figure 6.5: picture of the 
used power supply and 
temperature controller. 
Figure 6.6: picture of the substrate holder and support 
connected to the tube fitting flange. 
  
Figure 6.7: picture of the substrate holder; a) side view and b) top view. 
Heating block
Electrical contacts 
a) b) 
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Figure 6.8: plot of a temperature profile recorded along the glass tube in the 
resistive coil zone using O2 as carrier gas; TS = 390 ºC, Tp = 260 ºC, and φO
2
 = 500 sccm. The thermocouple was inserted in the tube from the outlet side. 
 The first deposition experiments with this setup were performed using Cr8O21 
black powders as the CVD precursor, that were originally prepared to be used in PLD 
targets. The substrate and precursor temperatures were set to TS = 390 ºC and 
Tp = 260 ºC, respectively. Also following the procedure of Watts [3], Ivanov [4], and 
Ishibashi et al. [1;2], the oxygen flow rate was set at φO2 = 500 sccm. Deposition 
experiments of up to 7 hours were carried out but the substrates did not reveal the 
presence of any material deposited on the surface. This result could eventually be 
related to the larger diameter of the tube used in our setup (6.4 cm) in comparison to 
that used by the previous authors (3 and 2.54 cm). As a consequence, the carrier gas 
velocity over the substrate decreased substantially and to keep the same values as in 
[1-4] a flux of φO2 ~ 2280 sccm would be required. However, even with gas flow rate 
adjustments accordingly, there was no deposition on the substrate. With this 
configuration, several other values for TS, Tp and φO2 were tested within broad ranges, 
as well as different substrate-precursor holder distances from 5 to 10 cm, the result 
being always the same: no traces of material deposition. Meanwhile, it was observed 
that the tube cold zones were covered with a dark deposit, mainly on their upper side. 
The conclusion drawn from these results was that the cold zones play an important 
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role for the deposition rate due to diffusion of the heaviest (precursor) molecules to 
the colder zones in the tube furnace. This mass diffusion due to a temperature 
gradient is known as the Soret effect [7]. 
 Since precursor molecules have the tendency to go to the top of the tube, the 
substrate was moved to a higher position, unfortunately without success. 
 Similar unsuccessful results were obtained by replacing the Cr8O21 precursor 
with CrO3, keeping the previous experimental conditions. The XRD pattern of CrO3 is 
presented in figure 6.9. The only difference observed using this precursor was the fact 
that upon heating at ~210 ºC the CrO3 (99.9%) powder melts and turns into a black 
viscous material. Further heating up to 250 – 280 ºC, in the presence of an oxygen 
flux, yields the material to turning into a dark solid which after cooling could be 
identified as Cr8O21 by X-ray diffraction (figure 6.10). The deposit formed in the cold 
zones of the tube showed as a different red hygroscopic powder, analogous to CrO3. 
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Figure 6.9: θ−2θ XRD pattern of the CrO3 
precursor powder used for the thermal CVD 
of CrO2. Labelled lines refer to JCPDS card 
file nº 32-285. 
Figure 6.10: θ−2θ XRD pattern of the 
powder remaining in the precursor holder 
after a CVD deposition experiment. Only 
the Cr8O21 phase was clearly indexed [8].   
 Several other small changes were implemented such as placing both holders 
inside another narrower tube to confine the gas precursor to the substrate region, and 
also replacing the precursor holder by just an alumina boat resting directly on the tube 
inner wall. The amount of powder on the holder and its position had no significant 
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effect on the deposition process. After several experiments the best results were 
restricted to substrates slightly green coloured, indicative of the presence of Cr2O3. 
 To avoid the significant deposition on the tube cold zones and increase the 
deposition rate on the substrate, the furnace or resistance coil was moved forward 
almost to the extremity of the tube, as can be seen in figure 6.11a. To prevent the 
o’ring on the tube fittings from being heated a water circuit using a stainless steel 
tube was mounted around. With this geometry and using the alumina boat as 
precursor holder set apart from the substrate holder to at least 15 cm, another set of 
experiments were conducted, once more without success.  Figure 6.11b illustrates the 
general aspect of the glass reactor after a CVD experiment, evidencing the CrO3 
condensation on the cold zones. 
  
Figure 6.11: a) scheme of the deposition setup with the resistance coil moved forward on the 
tube and b) picture of the reactor after an experiment. 
The most obvious reason for the failure in depositing any chromium oxide on the 
substrate appeared to be the fact that the carrier gas + chromium precursor vapour 
were not crossing over the substrate surface. To understand this effect, simple 
experiments with tobacco smoke were performed since its path along the tube could 
be followed by visual inspection. The tests made with the smoke provided the 
trajectory assumed by the particles when hitting the components and the subsequent 
turbulence inside the tube. Adjusting the height of the precursor holder relative to the 
substrate holder and changing their relative distance to 6 cm, the gas flow trajectory 
appeared to bounce straight from the first to the second holder. Also, to decrease the 
a) 
b) 
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cold zone length, a new coil was made which covered 72% of the 100 cm tube, as 
shown in figure 6.12. Following the later modifications, some deposition of a yellow 
brownish material was observed on the substrates. However, besides being very thin 
the deposits were not homogenous which seemed to be due to the turbulence 
provoked by the metallic part fixing the substrate to the heating block. A new part was 
then designed to minimize the disturbance of the gaseous flow over the substrate. A 
new series of experiments were carried out and significant deposition was obtained. 
The corresponding processing parameters are presented in table 6.2.  
 
 
Figure 6.12: a) scheme detailing the tube furnace where the hot zone extends to 72 cm, and 
b) revised substrate and precursor holders’ position. 
Table 6.2: experimental parameters tested in the setup of figure 6.12. 
Parameter value 
Tp, CrO3 (ºC) 260 – 295 (±2) 
TS, Al2O3 (ºC) 380 – 400 (±2) 
Tube diameter, ∅ (cm) 6.4 
Tube length, L (cm) 100 
Cold zone (cm) 14 + 14 
Source−to−substrate distance (cm) 6 
Oxygen flow rate, φO
2
 (sccm) 180 – 500 
Deposition time, tdep (hours) 1 – 6 
a) 
b) 
6. Chemical Vapour Deposition – Experimental setup and procedures 
 
 130 
Best results were obtained for TS = 390 ºC, Tp = 260 ºC and φO2 = 280 sccm [9;10]. A 
metallic black film of 260 ± 10 nm deposited during 6 hours (tdep) fully covered the 
polished sapphire substrate surface (10 × 10 mm2). A deposition rate of 0.01 nm s-1 
was determined. As can be seen in the XRD pattern of figure 6.13, both highly 
oriented CrO2 and Cr2O3 phases were identified on the deposited material. 
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Figure 6.13: a) θ−2θ XRD pattern of a film deposited with 
TS = 390 ºC, Tp = 260 ºC, φO
2
 = 280 sccm, and tdep = 6 hours. 
 Although the apparatus was not efficient enough due to low deposition rate, 
high Cr2O3 content in the deposited material and low reproducibility, some important 
conclusions could be drawn which were fundamental for the development of a much 
more performing system. First of all it was made clear that all the heating and 
temperature measurement components should be protected from the corrosive gas 
mixture which hinders reproducibility. The thermocouples and electrical current cables 
should be embedded in the precursor and substrate. This means that new holders had 
to be designed and built. The shape of both holders looked also to be an important 
factor since they might be a cause for turbulence. To avoid this and to force the 
reactive atmosphere to reach the substrate surface, the holders should have a suitable 
design helping to drain the precursor chemical species over the substrate surface by 
throttling the gas. A smaller diameter tube than that previously used was then an 
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obvious solution. A narrower tube was suited to be used with a tubular oven, 
Thermolyne 21100, available at the laboratory at the time. The implementation of 
these solutions will be described bellow. 
6.2 Optimized CVD reactor 
 Based on the work and conclusions described above we built a new CVD reactor 
(figure 6.14). An appropriate tubular oven allowing for a quartz tube with a small 
diameter ∅ = 4 cm was used (3.7 cm internal ∅). The tube length was also decreased 
to 55 cm. Cold zones in the reaction tube were limited with the purpose to minimize 
convective phenomena along the reactor. Both precursor and substrate holders were 
machined from stainless steel rods 3.7 cm in diameter (figure 6.16 to figure 6.21). 
Electrically insulated thermocouples, K-type, 1 mm diameter, were inserted in both 
holders. A new heating cartridge from Dalton Electric Heating Co. with ∅ = 6 mm was 
also integrated in the substrate holder. Tubes of 6 mm in diameter connect the 
holders to the tube flanges inside which the thermocouples and heating cartridge 
cables pass through, providing protection against the reactive atmosphere. Also, the 
flanges were designed in order to prevent the tube from leaking (figure 6.15). The 
temperature at the edges of the tube is < 100 ºC. 
 
Figure 6.14: Optimized CVD apparatus scheme used in the deposition of CrO2 films.  
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Figure 6.15: a) view of the fitting flange from the inside with viton® o’ring, and b) 
view of the fitting flange from the outside with gas and holder connections. 
This setup allows to easily adjust the flange-holder distance and for that matter the 
substrate-precursor holders’ distance (figure 6.21). The substrate thermocouple was 
placed at ~1 mm beneath the surface, just above the heating cartridge. The 
calibration procedure showed a difference between the temperature measured by this 
thermocouple and the real substrate surface temperature of ~-1 ºC. The substrate is 
placed on a 20 degrees inclined plane and secured by a small screw which does not 
disturb film homogeneity. This slope allows to use low oxygen flow rates (~ 15 sccm) 
maintaining films’ homogeneity (eq. 3.9 and 3.10).   
 The distance between the precursor and substrate holders was increased to 15 
cm in order to homogenise the gaseous mixture and avoid turbulence at the substrate 
surface that results from the intersection of the oxygen longitudinal flux with the 
upstream flux of the CrO3 precursor at the boat level. Digital flowmeters were used to 
adjust precisely the oxygen (99.999%) carrier gas flow rate. Following these changes, 
high quality CrO2 films were obtained within a range of experimental parameters never 
achieved before. Furthermore, growth temperatures could be decreased to values as 
low as 320 ºC, i.e. ~70 ºC lower than for previously reported data. The experimental 
parameters are presented table 6.3 in and the results obtained will be discussed in 
chapter 7.  
 It should be mentioned that CrO3 (99.9%) powder quality is important for the 
efficiency and quality of the deposits. Only powders that can be easily grinded lead to 
successful depositions, independently of the supplier. 
a) b)
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Figure 6.16: substrate holder 
front view inside the quartz tube. 
Figure 6.17: substrate holder top view. 
 
Figure 6.18: substrate holder back 
view showing thermocouple and 
cartridge placement 
  
  
Figure 6.19: precursor holder 
front view inside quartz tube. 
Figure 6.20: precursor holder top view. 
 
Figure 6.21: tube fitting flanges 
connected to the holders by 
stainless steel tubes where the 
cables pass through. 
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Table 6.3: CVD experimental parameters used on the optimized deposition setup. 
Parameter value 
Tp, CrO3 (ºC) 275 ± 2 
TS, CrO2 (ºC) 320 − 410 (±1) 
Tube diameter, ∅ (cm) 4 
Tube length, L (cm) 55 
Cold zone (cm) 8 + 8 
Source−to−substrate distance (cm) 15 
Oxygen flow rate, φO
2
 (sccm) 50 – 500 
Deposition time (hours) 0.5 – 8 
It was also observed that whatever the experimental conditions used there was always 
deposition of a red powder, CrO3, in the quartz tube cold areas at both entrance and 
exit ends. This is an indication of some turbulence in the reactor and incomplete CrO× 
precursor reaction. In fact, the substrate holder and significant portions of the quartz 
tube nearby were covered by a black deposit after a deposition run was completed. 
6.2.1 Furnace temperature profile 
 To characterize our deposition apparatus, the temperature gradient inside the 
quartz tube reactor was studied for different experimental parameters. A 
thermocouple (TC) was introduced inside the tube through the available fitting 
connections and moved along its length approximately at mid height, not touching the 
walls or the holders. Temperature values were measured for the total extension of the 
furnace (40 cm). The substrate and precursor holders were placed 15 cm apart from 
each other, from the centre of the tube, and the reference temperature was always 
the one measured at the precursor holder, Tp. A new set of heating elements on the 
furnace was used for the temperature profile study. The first tests were made with no 
oxygen flux, no heating of the substrate holder and with the tube at atmospheric 
pressure (as in all the experiments presented in this work). The corresponding results 
are presented in figure 6.22.  
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Figure 6.22: temperature profile measured along the CVD furnace, at 
atmospheric pressure, with no heating applied to the substrate holder 
and no carrier gas, but setting Tp = 275 ºC. The thermocouple was 
positioned in the a) left (substrate holder) side and b) right (precursor 
holder) side. Substrate and precursor holder positions are indicated. 
 
 It was observed that different temperature profiles are obtained depending on 
which tube extremity is used for insertion of the TC (left side: substrate holder side, 
right side: precursor holder side); we attributed this result to heat conduction by the 
thermocouple which depends on its length inside the oven. Using the temperature 
values from figure 6.22a and figure 6.22b, a plot of the average temperature along 
a) 
b) 
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the tube is displayed in figure 6.23. The profile is asymmetric and slightly shifted to 
the right (precursor holder side) and, as expected, the error bars are smaller on the 
centre of the furnace when compared with the extremities. 
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Figure 6.23: temperature profile along the CVD tube furnace 
calculated on each point as the average value of figure 6.22a and 
figure 6.22b. 
 Some experiments were also conducted for different substrate holder 
temperatures (TS) and oxygen flow rates, but without any precursor powder. The 
temperature values presented in figure 6.24 were measured from the substrate holder 
side (gas outlet) since it was experimentally impossible to do measurements from the 
inlet side when using a gas flux. Figure 6.24 shows two examples for TS = 330 ºC 
(figure 6.24a) and TS = 390 ºC (figure 6.24b), and φO2 varying between 0 and 200 
sccm. The temperature profile along the tube furnace is obviously asymmetric since a 
supplementary heat source (substrate holder) is added. Because an increasing gas 
flow rate decreases the residence time of the gaseous species, the gas takes more 
time to heat up as it travels along the tube. For the gas to reach 275 ºC at the 
precursor holder position, the oven temperature has to be increased for increasing gas 
flow rates. As a result, after crossing the precursor holder position an inversion occurs. 
The carrier gas temperature increases with increasing gas flow rate. At the substrate 
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holder level, the O2 carrier gas is hotter for higher flow rates. This effect is more 
significant for TS = 330 ºC (figure 6.24a). It is also clear that the temperature 
difference between the flowing gas and the substrate is smaller for smaller TS values. 
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Figure 6.24: temperature profile along the CVD furnace with Tp 
= 275 ºC and φO
2
 = 0 - 200 sccm at a) TS = 330 º C, and b) TS = 
390 ºC. The gas flows from right to left. 
 
a) 
b) 
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6.3 CVD deposition procedure 
Finally, after optimizing most of the parameters, the procedure used for the 
CVD experiments is as follows: 
• Clean the sapphire substrates with distilled water and ultrasonically with methanol 
for ~5 minutes (use gloves, safety glasses and particle mask); 
• Dry the substrate with a N2 jet and mount it on the holder; 
• Load the precursor boat with ~3.5 g of the well grinded CrO3 powder (use gloves, 
safety glasses and particle mask); 
• Close both tube flanges; 
• Heat the oven to Tp = 150 ºC during ~30 minutes to dry the CrO3 powder; 
• Start to heat the substrate holder to the desired temperature, TS; 
• Turn on the desired O2 flow rate and check for possible tube leaks; 
• Start to heat the oven to Tp = 275 ºC but only after TS reaches the desired 
temperature can Tp go beyond 200 ºC; 
• When reaching the desired values of Tp and TS (this process takes about 2 hours), 
start counting experimental dwell time; 
• When required deposition time is reached, disconnect the oven and only when 
Tp < 200 ºC turn off the substrate holder heater and stop the O2 flux (keeping the 
tube closed).  
• The oven is cooled to RT and the film removed and analysed. 
6.4 Summary 
 Ishibashi and co-workers developed a method for the growth of CrO2 thin films 
based on a two-zone furnace. Many other researchers followed this method however, 
it is clear from their publications that the two-zone furnace is not very efficient in 
terms of deposition rate and phase purity of the deposited material, mainly due to 
accurate and reproducible control of the substrate temperature. This reflects on the 
narrow range for the processing parameters yielding a “CrO2 film”. 
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 Watts and Ivanov tried to address this issue by developing a single zone 
furnace with a separate control of the substrate temperature. They used a home made 
precursor, Cr8O21, which showed to be unreliable because of preparation and chemical 
stability problems. These authors were convinced that a laminar flow of the oxygen 
carrier gas would be crucial for succeeding CrO2 film growth. 
 Indeed, the development of our optimised setup clearly showed that important 
factors for successful and reproducible growth experiments are: 1) the substrate-to-
precursor holder’s distance; 2) the appropriate shape of the holders; 3) the quality of 
the precursor powder. The gas flow should be turbulent anyway – deposition on the 
inlet tube cold zone is observed, but CrO2 films with the highest reported deposition 
rate were prepared in a wide range of φO2 and TS using CrO3 as precursor. 
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7. Chemical Vapour Deposition 
Results and discussion 
In this chapter we present and discuss the structural, morphological, phase 
composition and physical properties of chromium oxide films prepared by conventional 
(thermal) chemical vapour deposition (CVD). Film growth mechanisms are also 
investigated and the experimental conditions related to growth temperature and 
oxygen flux correlated with the deposition kinetics. 
 The films were produced using the optimized reactor configuration described in 
chapter 6.2. As discussed in section 2.2.2, the experimental ranges reported in 
literature for the main processing variables, i.e. growth temperature, TS, and oxygen 
flow rate, φO2, are usually quite narrow and located at high TS ~ 400 ºC and high φO2 ~ 
500 sccm. As far as we know, the influence of the carrier gas flow rate on the 
deposition process has not been previously determined, neither on the deposition 
kinetics for which a fairly broad deposition temperature range is required. Using the 
highly efficient and reproducible setup developed and optimized in this work, we were 
able to study the effect of varying both the oxygen flow rate and the deposition 
temperature on the structure and physical properties of the films deposited from CrO3 
onto Al2O3 (0001) substrates by atmospheric pressure CVD. 
 The as-deposited films fully cover the free substrate surface area up to 10 × 10 
mm2; they are metallic black, consistent with CrO2 compound, and their adherence to 
the substrate is excellent in view of the manipulation they are submitted to. 
7.1 Phase analysis 
 The first stage of the experimental work consisted on replicating the 
experimental conditions mostly reported in literature for the growth of CrO2 films, i.e. 
TS = 390 ºC and φO2 = 500 sccm; afterwards, a systematic study varying the oxygen 
flow rate was undertaken. Figure 7.1 displays the θ−2θ XRD patterns (recorded with 
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relatively wide diffractometer slits) for different films grown at TS = 390 ºC with φO2 in 
the range 50 – 500 sccm. The deposition time, tdep, was 4 hours for all films. At this 
high TS, all the diffractograms show only the (200) and (400) diffraction lines of CrO2, 
at 2θ  = 40.9º and 88.5º respectively, identified by comparison with the JCPDS 
database (file nº 9-332). The patterns also show the (006) and (0012) characteristic 
peaks of the sapphire substrate, which are indexed as “S” in the figure.  
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Figure 7.1: θ−2θ XRD patterns of films grown during 4 hours at 
TS = 390 ºC, for φO
2
 = 500 – 50 sccm. Substrate peaks are indexed as “S”. 
 The only remarkable difference among the XRD patterns lies on the relative 
intensity of the (200) and (400) CrO2 peaks in relation to the peaks of the substrate, 
which can be attributed to the different thickness of the as-grown films. Since the 
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deposition surface area was roughly the same for all samples (~10 × 5 mm2), thicker 
films correspond to higher volumes of material being analysed. Figure 7.2 presents the 
SEM (scanning electron microscopy) cross-section micrographs of two selected films 
from this series, deposited with different φO2 values. In these images, features 
consistent with a columnar growth type are observed. Films thicknesses, as 
determined by SEM cross section analysis (appendix A.2), are shown in table 7.1. The 
most intense (200) CrO2 peak is observed for the film prepared with φO2 = 200 sccm, 
as well as the highest deposition rate ~0.1 nm s-1, i.e. about one atomic layer per 
second. 
  
Figure 7.2: cross-section SEM micrographs of films prepared at TS = 390 ºC with a) φO
2
 = 100 
sccm and b) φO
2
 = 200 sccm. 
Table 7.1: thickness of films, dt, grown for 4 hours at 
TS = 390 ºC, for different φO
2
 values. 
φO
2
 (sccm) Film thickness, dt (nm) 
500 486 ± 55 
400 626 ± 38 
300 646 ± 50 
200 1041 ± 59 
100 853 ± 61 
50 846 ± 100 
 Because at TS = 390 ºC higher deposition rates were found for lower oxygen 
flow rates than those usually reported (~0.05 nm s-1, table 2.5, section 2.2.2), while 
keeping phase purity, a new series of experiments was made at an intermediate value 
of φO2 but varying the growth temperature. 
a)       (853 ± 61) nm 
substrate
b)      (1041 ± 59) nm
substrate
film film
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 Figure 7.3a shows the X-ray diffractograms of samples grown with φO2 = 200 
sccm. As can be seen, from TS = 410 ºC down to 350 ºC, the films display similar 
phase composition as the previous ones; however, at TS = 340 ºC, a second phase is 
clearly evidenced on the diffractograms which was indexed to chromium (III) oxide 
(Cr2O3, JCPDS file nº 38-1479). Thus, the data clearly show that it is feasible to 
decrease the substrate temperature by 40 – 50 ºC in comparison with the results 
previously reported in literature [1-5].  
 Figure 7.3b and 7.3c show an extension of the previous study to lower oxygen 
flow rates of 100 and 50 sccm. A similar analysis to that of films deposited at φO2 = 
200 sccm holds for the lower φO2 values but one should note that the lower 
temperature limit to obtain high purity CrO2 deposits decreases with decreasing 
oxygen gas flow rate. In fact, at φO2 = 200 and 100 sccm, the co-deposition of Cr2O3 
and CrO2 is noticeable at 340 ºC and 330 ºC respectively, while for φO2 = 50 sccm 
there is still no clear evidence of Cr2O3 formation at this temperature. The deposition 
temperature of 330 ºC is the lowest temperature reported so far (by ~70 ºC) for the 
CVD of CrO2 with the combination precursor/substrate used (CrO3/Al2O3) [6].  
 A more detailed X-ray diffraction pattern of the film deposited at TS = 330 ºC, 
during 8 hours, is shown in figure 7.4a, confirming the deposition of a CrO2 film with 
high structural quality. To assess the film surface phase composition, Raman 
microprobe spectra were recorded on different locations (appendix A.8). The spectrum 
shown in figure 7.4b presents the CrO2 bands at ~460 cm-1 and ~570 cm-1 associated 
to the Eg and A1g vibration modes, respectively [7-9]. The observed A1g peak 
asymmetry seems to be characteristic of CrO2 films as shown by Iliev et at. [7]. The 
possibility of that asymmetry being due to the presence of some Cr2O3 has not been 
discussed so far. In fact, the shoulder observed at 550 cm-1 might be assigned to the 
well known Cr2O3 surface native oxide over the CrO2 as referred in section 2.1.1, 
which is reported to be 1-3 nm thick [10;11]. The fitting of the micro - Raman spectra 
with Lorentzian functions considering a Cr2O3 peak at 550 cm-1 was attempted but the 
results were inconclusive.
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Figure 7.1: θ−2θ XRD patterns of films deposited at different substrate temperatures and φO
2
 of a) 200, b) 100 and c) 50 sccm. All the films 
were grown for 4 hours except those deposited at TS = 330 ºC where tdep = 8 hours. Substrate peaks are indexed as “S”. 
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Figure 7.4: a) θ−2θ XRD pattern and b) micro-Raman spectrum 
of a film grown at TS = 330 ºC, φO
2
 = 50 sccm, and tdep= 8 hours. 
 At 320 ºC, due to the very small deposition rate, it is necessary to perform 
extremely long deposition experiments to get analysable XRD patterns which renders 
the technique not viable economically. 
 The previous XRD patterns were analysed in more detail in order to find out 
whether the Cr2O3 phase is present just in the samples prepared at low TS and high φO2 
or if some residual amounts exist also in all the other samples. To do this the 
diffracted intensity was plotted on a square root vs. 2θ graph (figure 7.5) putting into 
a) 
b) 
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evidence the background of the patterns and reducing the effect of scale expansion 
due to film thickness. As a result of this analysis two clear broad shoulders centred at 
~39.9º and ~85.9º (2θ) are observed for all plots and indexed to the (006) and 
(0012) lattice planes of the Cr2O3 phase. The low intensity of these shoulders is in 
general similar for all samples regardless of the growth conditions. This point will be 
discussed next in more detail. 
 The occurrence of some Cr2O3 deposited onto Al2O3 (0001) by CVD from CrO3 
had already been observed. As described in the experimental section, prior to the 
optimization of the deposition setup, an earlier less efficient CVD reactor was studied 
[12]. The films deposited in this reactor had a much more significant amount of Cr2O3 
as can be seen in the XRD pattern of figure 7.6a. These films were also analysed by 
micro-Raman spectroscopy which showed only two characteristic bands of CrO2, at 
458 cm-1 (Eg mode) and 573 cm-1 (A1g mode) Raman shifts [7-9] as can be seen in 
figure 7.6b. Because the Raman scattering cross-section of Cr2O3 is larger than that of 
CrO2 [13], if Cr2O3 would exist in significant amounts at the surface besides the 
already discussed surface native oxide it would be easily detected at the Raman shifts 
labeled on the plot (in particular at 550 cm-1). The results presented so far seem to 
indicate that the Cr2O3 should be located at the interface between CrO2 and the 
sapphire substrate [12] but definitely not in a surface layer, at least in significant 
amounts. Rabe et al. [1;2] have shown by transmission electron microscopy (TEM) the 
initial growth of an epitaxial Cr2O3 (0001) layer on sapphire substrates, less than 40 
nm thick, and on top of that the growth of CrO2 crystallites intersected by Cr2O3 
inclusions (TS = 390 ºC, φO2 = 500 sccm). These authors proposed that besides the 
lattice match between Cr2O3 and the substrate, this phase is deposited under the 
unstable temperature conditions on the substrate and along the reaction tube that 
prevail while heating the precursor. However, in our setup, this is unlikely to happen 
due to the experimental procedure used, as explained before in chapter 6.2: the 
substrate is heated up to the synthesis temperature before the CrO3 decomposition 
temperature is attained, and it is possible to stabilize the temperature with an 
accuracy of ± 1 ºC. Besides, low temperatures do not favour the formation of Cr2O3, 
as shown previously from the XRD analysis (figure 7.3). In contrast, Gupta et al. [14]  
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Figure 7.5: The same θ−2θ XRD patterns as displayed on figure 7.1 and figure 7.3 but 
plotted on a square root intensity scale. For clarity, only the Cr2O3 phase is indexed. 
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using Reflection High-Energy Electron Diffraction (RHEED), found no evidence of Cr2O3 
or any other phases on films prepared at TS ~ 400 ºC for similar deposition conditions 
to ours. 
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Figure 7.6: a) θ−2θ XRD pattern (linear intensity scale) and b) 
micro-Raman spectrum of a film deposited in a non-optimized 
CVD reactor; TS = 390 ºC, φO
2
 = 280 sccm and tdep= 6 hours. 
 To check the hypothesis of Cr2O3 phase forming prior to CrO2, in which case it 
should exist as a sandwiched layer between the CrO2 film and the substrate, further 
depositions were performed with several combinations of φO2 and TS during different 
b) 
a) 
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dwell times ranging from 30 minutes to 4 hours. By plotting the corresponding XRD 
patterns on a square root scale (figure 7.7) leads to the conclusion that during the 
first 30 minutes the growth of Cr2O3 largely overcomes that of CrO2; however, for the 
films deposited during at least 1 hour, the contribution of the former to the diffracted 
intensity no longer increases in contrast to the contribution of CrO2. This result is 
consistent with Cr2O3 being formed as an interface layer between the CrO2 film and 
the sapphire substrate. 
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Figure 7.7: θ−2θ XRD patterns of films deposited during different dwell times for the following 
experimental conditions: a) TS = 380 ºC, φO
2
 = 50 sccm; and b) TS = 390 ºC, φO
2
 = 200 sccm. 
 Figure 7.8 presents the cross-section SEM images of the films discussed and 
characterized in figure 7.7a. Similar results and conclusions concerning the Cr2O3 
interlayer were also observed in the previous less efficient deposition setup as can be 
seen on the XRD patterns of figure 7.9. 
b)a) 
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Figure 7.8: cross-section SEM pictures of films deposited during different dwell times at 
TS = 380 ºC and φO
2
 = 50 sccm. 
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Figure 7.9: θ−2θ XRD patterns of films deposited using a less 
efficient deposition setup with the following experimental parameters: 
Ts = 390 ºC, Tp = 260 ºC, φO
2
 = 280 sccm and tdep from 1 to 6 hours. 
7.2 Crystallographic orientation 
 As pointed out previously, the X-ray diffraction patterns show the (200) and 
(400) peaks of CrO2 and the (0006) and (0012) peaks of Cr2O3. The indexation of only 
(h00) and (000l) lines for CrO2 and Cr2O3, respectively, means that both phases grow 
90 min         (206 ± 16) nm 60 min       (126 ± 23) nm 
substrate substrate 
240 min      (657 ± 40) nm 
substrate 
120 min     (344 ± 29) nm 
substrate 
film 
film 
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with a preferred orientation. This becomes clear when comparing the relative intensity 
of the peaks on the XRD patterns with the JCPDS database which refers to randomly 
oriented powder samples (table 7.2).  
Table 7.2: relative intensities (I/I0) of selected peaks taken from the 
JCPDS card files no. 9-332 (CrO2) and 38-1479 (Cr2O3). 
CrO2 peak I/I0 (%)  Cr2O3 peak I/I0 (%) 
(200) 10  (0006) 7 
(400) 5  (000 12) 2 
 To examine the epitaxial nature (or crystalline ordering) of the chromium 
oxides grown onto the sapphire substrate and their relative orientation, several scans 
along the films phi (ϕ)–axis were recorded (appendix A.7.3). Using a conventional 
diffractometer, the scans were performed around the asymmetrical (108) 
crystallographic plane of sapphire (2θ = 61.3º) which makes a ψ tilt angle of 21.51º 
with the basal plane (001), normal to the surface; for Cr2O3 the same plane (2θ = 
58.4º) was used but in this case ψ = [(108)^(001)] = 21.59º. The CrO2 phi-scan was 
made around the (301) plane (2θ = 71.7º) for which ψ = 26.80º. The θψ, or incidence 
angle, is therefore given by: θψ = (2θ/2) ± ψ. The optimized ϕ–scan parameters for the 
analysis shown below are as follows: 
   2θ = 61.3º; θ = 9.2º for Al2O3 
   2θ = 58.4º; θ = 7.6º for Cr2O3   
   2θ = 71.7º; θ = 9.1º for CrO2 
 Figure 7.10 and figure 7.11 show the ϕ–scan plots recorded between 0º and 
200º for two samples deposited at 400 ºC and 350 ºC, respectively, using φO2 = 200 
sccm. The unequal intensities observed for symmetry related peaks are due to the fact 
that the scans were performed in a diffractometer without sample tilt perpendicular to 
the beam (χ angle). For Cr2O3 and sapphire, the expected three-fold symmetry is 
observed while for CrO2 the ϕ–scan plot displays the six-fold symmetry (as expected). 
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Figure 7.10: ϕ-scans around a) the (108) 
plane of sapphire, b) the (108) plane of 
Cr2O3 and c) the (301) of CrO2 for a film 
(971 ± 75 nm) deposited with φO
2
 = 200 
sccm at TS = 400 ºC  
Figure 7.11: ϕ-scans around a) the (108) 
plane of sapphire, b) the (108) plane of 
Cr2O3 and c) (301) of CrO2 for a film 
(143 ± 21 nm) deposited with φO
2
 = 200 
sccm at TS = 350 ºC. 
The agreement of the peaks location (in degrees) between the different plots shows 
that the basal [001] direction of CrO2 and the [21 0] or [101 0] directions of sapphire 
and Cr2O3 are coincident. The two types of notation for the hexagonal system are 
resumed in appendix B. Furthermore, the FWHM of the ϕ–scan peaks is 3.5º for the 
Al2O3, 4.5º for Cr2O3 and 5.5º for CrO2. This means that Cr2O3 is structurally more 
related with the sapphire substrate whereas the CrO2 is structurally more related with 
Cr2O3, corroborating the proposed interlayer structure (100) CrO2/(0001) Cr2O3/ 
(0001) Al2O3. These structural analyses were confirmed a posteriori for one sample 
using the single crystal high resolution XRD machine at Inst. Tecnológico e Nuclear. 
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7.3 The Al2O3/Cr2O3/CrO2 layered structure model 
 To correlate films crystal structure with other physical properties it is important 
to know the thickness of the (proposed) antiferromagnetic Cr2O3 layer. The thickness 
was estimated from the integrated intensity of the X-ray diffraction patterns of the 
deposited films making use of the extended face imperfect crystal model as described 
in appendix A.7.4. Figure 7.12 shows a scheme of the layered structure studied. CrO2 
seems to be the major deposited phase, while Cr2O3 may be considered as a 
contaminant layer. This later phase should be sandwiched between the substrate and 
the CrO2 film. The total film thickness, dt was measured by cross-section SEM and 
employed to estimate the thickness of each chromium oxide layer. 
 
Figure 7.12: scheme of the proposed 
Al2O3/Cr2O3/CrO2 layered structure. 
 Two closely spaced diffraction lines of CrO2 and Cr2O3 were used for the 
analysis; the integrated intensities of both peaks, 2 3Cr O(006)I  and 2
CrO
(200)I , were calculated 
using Pseudo-Voigt profiles. For the CrO2 layer the integrated intensity of the (200) 
peak at 2θ = 40.855º is given by equation A.7 (appendix A.7.4). Using υCrO2 = 
56.99 × 10-30 m3, μCrO2 = 79300 m
-1 and F200 = 18.11 (disregarding the Debye factor), 
computed using PowderCell v2.3 [15] and crystallographic data from reference [16], 
the following equation is obtained: 
CrO2
2
2 793002 2
CrO sin(40.855º 2)
(200) 0 30 2
(18.11) 1 cos (40.855º)
1
2sin(40.855º)(56.99 ) 79300
d
eI P K e
− ×
−
⎡ ⎤⎛ ⎞+ ⎢ ⎥= −⎜ ⎟× × ⎢ ⎥⎝ ⎠ ⎣ ⎦
 eq. 7.1 
Cr2O3 (0001) CrO2
Al2O3
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where the CrO2 thickness, dCrO2, is given in meter. For a Cr2O3 layer underlying the 
CrO2 film, the integrated intensity comprises a further term which takes into account 
the absorption of the X-rays by the CrO2 layer. For the Cr2O3 (006) peak at 2θ = 
39.749º, the integrated intensity is given by eq. 7.2, were υCr2O3 = 289.49 × 10-30 m3, 
μCr2O3 = 93300 m
-1 and F006 = 86.33 (disregarding the Debye factor) [15;17]. 
−
× ×− −
⎛ ⎞+= ×⎜ ⎟× × ⎝ ⎠
⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥× −⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦
2 3
Cr O CrO2 3 2
2 2
Cr O
(006) 0 30 2
2 93300 2 79300
sin(39.749º 2) sin(39.749º 2)
(86.33) 1 cos (39.749º)
2sin(39.749º)(289.49 10 ) 93300
1
e
d d
I P K
e e
 eq. 7.2 
Calculating the ratio 006 2002 3 2
Cr O CrO
( ) ( )I I  results in: 
Cr O CrO2 3 22 3
2 CrO2
548886.44 466524.06
Cr O
(006)
CrO 454412.78
(200)
1
0.7750
1
d d
d
e eI
I e
− −
−
⎡ ⎤ ⎡ ⎤− ⎣ ⎦⎣ ⎦= ⎡ ⎤−⎣ ⎦
 eq. 7.3 
Making the following substitution dCr2O3 = dt - dCrO2 in eq. 7.3: 
CrO CrOt2 22 3
2 CrO2
466524.06 82361.38548886.44Cr O
(006)
CrO 454412.78
(200)0.7750 1
d dd
d
e e eI
I e
− −
−
⎡ ⎤ ⎡ ⎤⎡ ⎤− ⎣ ⎦⎣ ⎦ ⎣ ⎦= ⎡ ⎤× −⎣ ⎦
 eq. 7.4 
Once the experimental data, i.e. dt and 006 2002 3 2
Cr O CrO
( ) ( )I I  have been measured and/or 
calculated, eq. 7.4 can be solved in order to dCrO2 by a graphical method.  
 Figure 7.13a presents the total thickness of films deposited at TS = 390 ºC for 
φO2 ranging from 50 to 500 sccm and figure 7.13b the estimated thickness of the Cr2O3 
interface layer in the same films, using the method described above. Figure 7.13c and 
figure 7.13d show the results for several samples deposited with two pairs of variables 
(TS, φO2) for increasing deposition times, while on figure 7.13e and figure 7.13f we 
have plotted the total film thickness and estimated dCr2O3 as a function of growth 
temperature for samples deposited during 4 hours with different O2 flow rates (except 
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Figure 7.2: a) total film thickness, dt, for depositions made at 390 ºC, during 4 hours, for φO
2
 = 50 – 500 sccm and b) estimated thickness of 
the Cr2O3 interfacial layer; c) deposition time dependence of dt, and d) estimated thickness of the Cr2O3 layer; e) and f) TS dependence of dt, 
and estimated thickness of the Cr2O3 layer, respectively. 
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for TS = 330 ºC and φO2 = 50 sccm where tdep = 8 hours). Apparently there is no effect 
of φO2 over the Cr2O3 thickness which spans over 10 to 20 nm that is about the size of 
one crystallite (as will be seen below in section 7.5). The data also show that the films 
total thickness increases linearly with dwell time whereas the evolution of the 
interfacial layer thickness follows the trend mentioned previously, i.e. it assumes a 
large value for short deposition times (~80 nm at 30 minutes) and remains 
approximately constant ~13 nm after 2 hours of deposition at elevated temperature 
as can be seen in figure 7.13d. When growth temperature and long periods are 
considered the thickness increases roughly exponentially with TS but the interfacial 
layer thickness increases only slightly from 3 to 20 nm with increasing TS; the two 
data points at ~ 40 nm in figure 7.13f can be discarded in this analysis since they 
correspond to already shown bad samples on figure 7.3. 
 Coming back to the films grown in an earlier less efficient setup, depicted in 
figure 7.6, the same procedure was used to determine the Cr2O3 content in that 
particular film. Having measured a total thickness of 260 ± 10 nm, the estimated 
Cr2O3 layer thickness was 77 nm. As expected, this value is much higher than that for 
almost any film made with the later optimized configuration, and gives even more 
relevance to the micro-Raman analysis, figure 7.6b, and conclusions concerning the 
layered structure proposed. 
7.4 Strain energy 
 In the previous section we proposed a layered structure for the chromium oxide 
films grown onto sapphire, and presented a method for estimating the thickness of the 
two layers involved. Here we discuss how these layers come about and suggest a 
possible mechanism to explain their formation. 
 The starting point for this discussion are figure 7.13c and figure 7.13d showing 
that as the dwell time increases the interfacial layer thickness decreases down to a 
minimum value ≤ 20 nm, whereas the total film thickness displays an increasing 
monotone behaviour. This calls for a partial transformation of the Cr2O3 into CrO2 
when the thickness of the Cr2O3 layer attains a certain value, which results in a narrow 
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Cr2O3 buffer layer between the substrate and the CrO2 film. This transformation can be 
reasonably explained using crystallographic and thermodynamic arguments. 
 Both Cr2O3 and sapphire have similar rhombohedral crystal structures which 
can be represented also as hexagonal lattices (figure 7.14). As discussed in chapter 
7.2 the Cr2O3 grows with the same crystallographic orientation as the sapphire 
substrate does, i.e. (0001) Cr2O3. 
 
Figure 7.14: hexagonal representation of the 
rhombohedral unit cell of Cr2O3 and Al2O3. 
Table 7.3: crystallographic data for the α–Al2O3 (JCPDS nº 42-1468), Cr2O3 (JCPDS nº 38-
1479) and CrO2 (JCPDS nº 9-332) phases. Parameter h is the distance between parallel faces of 
the (0001) hexagonal plane (see figure 7.15). 
Phase α-Al2O3 Cr2O3   CrO2 
Crystal system Rhombohedral Rhombohedral   Tetrahedral 
a0 (nm) 0.47588 0.49588   0.442100 
c0 (nm) 1.29920 1.35942   0.291600 
h (nm) 0.82425 0.85888  3×c0 (nm) 0.874800 
The lattice mismatch between both (0001) oriented oxides can be calculated using the 
definition: 
m% = 100 × [(aCr2O3/aAl2O3) -1] eq. 7.5 
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The calculated mismatch for (0001) Cr2O3 / (0001) Al2O3 is then 4.2 %, using the bulk 
values for the lattice parameters of both compounds given in table 7.3. This means 
that Cr2O3 should be under compression over the (0001) Al2O3 surface. For 
comparison, the same calculation can be made for (100) CrO2 growth on top of the 
(0001) Al2O3 substrate. As discussed in chapter 7.2, the basal [001] direction of CrO2 
and the [21 0] or [101 0] direction of sapphire are coincident; this is shown in the 
scheme of figure 7.15. The distance between parallel sides of the hexagons, 0 3h a=  
(table 7.3) can be related with three CrO2 unit cells juxtaposed along the c-axis. Using 
the following definition: 
m% = 100 × [(3 × cCrO2/hAl2O3) -1] eq. 7.6 
a mismatch of 6.1 % was determined for the CrO2 growth onto Al2O3 for the direction 
considered. This result shows that it is structurally more advantageous for Cr2O3 to 
grow on Al2O3 than it is for CrO2. 
 
Figure 7.15: scheme of a) the basal or (0001) plane of the hexagonal 
crystallographic system; b) (100) plane of the CrO2 tetrahedral crystal. 
 In contrast, the calculation of the mismatch for the growth of CrO2 onto Cr2O3, 
using the same geometrical principles, gives a much lower value of 1.8%. Therefore, 
from the structural point of view, it is clearly advantageous for the stability of the 
system that a buffer layer of Cr2O3 develops on the substrate surface making the 
a) Sapphire (0001) plane 
a0 = 0.476 nm 
h 
= 
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82
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.2
92
 n
m
 a0 = 0.442 nm 
[001]
 [01 1 0] 
7. Chemical Vapour Deposition – Results and discussion 
 
 160 
graded accommodation of the lattice parameters of the sequential layers from the 
Al2O3 - to Cr2O3 - to CrO2 (hAl2O3 < hCr2O3 < 3 cCrO2). 
 
Figure 7.16: scheme of the surface arrangement of the CrO2 (100) plane (light 
blue) over the sapphire substrate surface unit cell structure (light orange). 
Sapphire surface atom distribution is also shown (red: oxygen, blue: aluminium)  
 The growth of coherent thin layers on rigid crystalline substrates is possible 
when biaxial compressive or tensile strain in the layer accommodates the lattice 
mismatch between the film and substrate material. The mismatch is then responsible 
for an increase of the layer energy, as elastic strain energy, when thin film deposition 
occurs. The strain energy stored in the film as it grows on a mismatched substrate 
increases the Gibbs energy of the material. This strain energy contribution modifies 
such equilibrium quantities as melting temperature, vapour pressure, and miscibility 
limits [18]. The general form of strain energy for an elastic body can be written as: 
( )12 x x y y z z xy xy yz yz zx zxU σ ε σ ε σ ε τ γ τ γ τ γ= + + + + +  eq. 7.7 
where U is the strain energy per unit volume, σx, σy and σz are the normal stresses, τxy 
τyz and τzx are the shear stresses, εx, εy and εz are the normal strains, and γxy, γyz and 
γzx are the shear strains. 
 When both the film and substrate are hexagonal and the basal plane of each 
one is used in the deposition, the strain in the x and y directions are equal as required 
Sapphire 
[2 1 0] or [10 1 0] CrO2 [001] 
h
Sapphire 
[ 1 20] or [01 1 0] 
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by symmetry. If aG and aS denote, respectively, the lattice parameters of the grown 
layer and substrate, in the basal plane, the strain energy per unit volume is given 
simply by [18]: 
2
G S
11 12 S
1 a a
U
s s a
⎛ ⎞−= ⎜ ⎟⎜ ⎟+ ⎝ ⎠
 eq. 7.8 
The s11 and s12 values are calculated from the elastic stiffness coefficients cij [18]: 
2
11 33 13
11 2
11 12 11 33 12 33 13( )( 2 )
c c c
s
c c c c c c c
−= − + −  eq. 7.9 
2
13 12 33
12 2
11 12 11 33 12 33 13( )( 2 )
c c c
s
c c c c c c c
−= − + −  eq. 7.10 
Table 7.4: elastic stiffness constants of Cr2O3 single crystals at 20ºC [19]. 
Cr2O3 elastic 
stiffness constant 
1011 N m-2 
c11 3.74 
c12 1.48 
c13 1.75 
c33 3.62 
c44 1.59 
c14 0.19 
Using the stiffness constants given in table 7.4 for Cr2O3, a strain energy U of 0.623 
GPa for Cr2O3/Al2O3 was calculated which is equivalent to 0.188 eV per formula unit. 
This value is about 70 % higher than the values encountered for epi-layers such as 
GaN/Al2O3 and GaN/LiGaO2 [20]. It is clear that a lattice mismatch increases the 
system’s strain energy. As the film thickness increases the total accumulated strain 
energy increases. As it reaches up to a critical thickness (or volume) the 
heterostructure becomes metastable and the extra Gibbs free energy may give way to 
misfit dislocations and/or induce the phase transformation of Cr2O3 on CrO2. The 
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mechanism can also be seen as an increase of local pressure which, as reviewed 
before in section 2.2, is a favourable condition for the Cr2O3-to-CrO2 phase 
transformation. The phase change relaxes the structure and becomes the driving force 
for the growth of the CrO2 top layer. This mechanism explains well the observed 
variation of the Cr2O3 thickness with deposition time (figure 7.13d). 
 On the other hand, it is also important to understand the influence of growth 
temperature on the Cr2O3 interlayer thickness, in particular the trend observed in 
figure 7.13f. Actually, films grown at low TS should be under a higher strain than those 
grown at high temperature for which the thermal energy available for crystal ordering 
is higher. An evidence of the later effect is given by the CrO2 crystallites mosaics 
spread analysis that will be presented below. Therefore, the critical thickness for 
phase transformation should be smaller for the films deposited at low temperature due 
to the higher accumulated strain energy. Regardless of other effects, it can be 
concluded that low temperature grown films display the thinnest Cr2O3 interlayers. 
 The lattice mismatch and the consequent strain energy are at the origin of the 
orientation relationships found: (100)CrO2 || (001)Cr2O3 || (001)Al2O3 and [001]CrO2 || 
[21 0]Cr2O3 || [21 0]Al2O3, thus explaining the XRD results and justifying the presence of 
an oriented Cr2O3 buffer layer between the CrO2 and the sapphire substrate as an 
intrinsic feature of the film/substrate system.  
 The lattice parameters of the CrO2 layer were calculated using its (400) line 
position on the X-ray diffractograms. Kα2 striping was carried out, and the (006) 
sapphire peak (JCPDS nº 42-1468) was used as a reference for 2θ correction. The 
graph in figure 7.17 presents the calculated CrO2 a-lattice cell parameter as a function 
of TS for several values of the oxygen gas flow rate. We can conclude that there is no 
apparent dependence of the size of the unit cell on the processing parameters. 
Furthermore, a small compression of ~ -0.1 %, on average, was observed for the a-
lattice parameter when comparing with its bulk value (a0 = 0.44210 nm). Considering 
a constant volume unit cell, one can deduce that the corresponding CrO2 c-lattice 
parameter (or h) should be slightly expanded by ~ +0.2 %. This is not the result we 
should expect from the lattice mismatch analysis (table 7.3), in other words the Cr2O3 
underlayer has little influence on the CrO2 top layer. 
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Figure 7.17: The calculated a-lattice parameter of the 
CrO2 films. Bulk value shown as a dash-line. 
 The same analysis was made for the Cr2O3 layer. We chose the (006) line 
however, due to its low intensity and high FWHM, the lattice parameters are calculated 
with a significant error as the dispersion of the results in figure 7.17 clearly shows. In 
this figure, the calculated Cr2O3 c-lattice parameter is plotted as a function of TS for 
several values of φO2. It is evident a significant compression ~ -0.5 % along the c-axis 
when comparing with the bulk value (c0 = 1.35942 nm). This leads to an expansion 
along the a-axis to a = 0.49712 nm or h = 0.86104 nm in order to maintain constant 
the unit cell volume. This result indicates that the Cr2O3 basal plane or the (0001) 
plane is expanded. This expansion is favourable to the CrO2 top layer growth, 
decreasing the mismatch between both layers. It is then possible to say that the 
ordering of the CrO2 top layer dominates over the Cr2O3 interlayer structure. Strain 
energy should again be the driving force for this Cr2O3 structural arrangement once 
the critical thickness is achieved. However, it is worth noting that the interpretation of 
the experimental mismatch should be viewed as an average value along the depth of 
the Cr2O3 layer. As shown before, on the basis of the 4.2% mismatch for the 
Cr2O3/Al2O3 material combination, the Cr2O3 layer close to the substrate should be 
under compressive stress. 
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Figure 7.18: Calculated c-lattice parameter for the Cr2O3 
interlayers. Bulk value shown as a dash-line. 
7.5 Size and quality of CrO2 crystallites 
 The effect of φO2 on the CrO2 crystallites size was studied by fitting the (200) 
line profiles of the XRD patterns, plotted in figure 7.1, with Pseudo-Voigt functions. 
The procedure used is described in appendix A.7.5. An average value of 0.193º (± 2.5 
%) for the full-width at half-maximum (FWHM) was obtained using the larger 
diffractometer slits (figure 7.19). Therefore, disregarding other contributing effects for 
peak broadening, the influence of the oxygen carrier flow rate on the crystal size along 
the [100] direction may be considered to be negligible, at least at TS = 390 ºC. 
 The evolution of the FWHM of the (200) CrO2 peak with TS (figure 7.20) reveals 
the expected enhanced film crystallinity as substrate temperature increases. The width 
displays a monotone decrease reaching the instrumental broadening at TS = 410 ºC. 
 Figure 7.21 shows the estimated average crystallite size along the a-axis, 
<D>100, as a function of temperature for CrO2 films deposited with different oxygen 
gas flow rates. The <D>100 values were determined using the procedure described in 
appendix A.7.5. The dependence of the crystal size on φO2 is rather weak for a given TS 
with all values lying roughly within ± 20%. On the contrary, a remarkable increase of  
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Figure 7.19: FWHM of the (200) CrO2 peak as a function of φO
2
 for TS = 390 ºC. 
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Figure 7.20: FWHM of the CrO2 (200) peak as a function of 
TS for different φO
2
 values. The black dashed line marks the 
instrumental broadening for the slits used. 
the average crystal size by over a factor of four with temperature can be observed 
indicating that the films become more crystalline at higher growth temperatures, as 
expected. The FWHM of the Cr2O3 (0006) peak is invariant (0.394º ± 0.040º) with 
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experimental parameters, TS and φO2. Using the same procedure, crystallite sizes of 
21 ± 2 nm along the c-axis were estimated for Cr2O3. 
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Figure 7.21: Estimated average crystallite size, along the 
CrO2 [100] crystallographic direction as a function of TS for 
different φO
2
 values. The error on crystal size is ± 0.5 %. 
 To evaluate the mosaics spread of the crystallites, rocking curves (RC) 
(appendix A.7.2) of the CrO2 (200) reflection were recorded using the wider diffraction 
slits which allow for a higher signal/noise ratio, required to study the thinner films. For 
films deposited at TS = 390 ºC, a small effect of φO2 on crystallites spatial orientation 
distribution was found. Indeed, the FWHM of the rocking curves of these samples 
varies very little, between 0.42º and 0.52º, in the whole flux range, as can be seen in 
figure 7.22. An example of a RC is presented in figure 7.23. The RC full-width at half-
maximum (FWHM) for films deposited at φO2 = 50 to 200 sccm, is plotted as a function 
of the deposition temperature in figure 7.24. For films deposited with φO2 = 50 sccm, 
the RC-FWHM decreases linearly from ~0.68º to less than 0.4º as the substrate 
temperature rises from 340 ºC to 410 ºC. This trend reveals that crystalline quality 
improves as growth temperature increases. For the lowest TS = 330 ºC, the RC-FWHM 
in figure 7.25, shows that this sample is still strongly textured although it exists some 
degree of misorientation among the crystallites. 
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Figure 7.22: RC-FWHM of the (200) CrO2 peak as a function 
of φO
2
 for TS = 390 ºC. The FWHM error associated to each 
point is ± 0.5 %. 
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
 
 
In
te
ns
ity
 (a
.u
.)
ω (degree)
FWHM = 0.452º
 
Figure 7.23: RC of the CrO2 (200) peak for a 
film grown at TS = 390 ºC and φO
2
 = 50 sccm. 
At the highest flow rates of 100 and 200 sccm, the narrowing of the RC with 
increasing growth temperature shows a similar trend to that observed at 50 sccm 
however, it is limited by an upper transition temperature, Ttr, above which the RC-
FWHM becomes practically independent of the temperature and the oxygen flow rate. 
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This Ttr is roughly 373 ºC for φO2 = 100 sccm and Ttr = 385 ºC for φO2 = 200 sccm. 
These values will be related with the kinetics mechanisms in section 7.7. For growth 
temperatures under the transition value, the films produced at φO2 = 100 sccm seem 
to be the most oriented ones. 
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Figure 7.24: RC-FWHM of the CrO2 (200) diffraction peak vs. TS for different φO
2
 
values. All the films were grown for 4 hours except that deposited at TS = 330 ºC 
where tdep = 8 hours. The standard deviation of the data points is of ~ 0.04º. 
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Figure 7.25: Rocking curve of the CrO2 (200) diffraction 
peak for a film deposited with φO
2
 = 50 sccm at TS = 330 ºC. 
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 By narrowing the diffractometer slits will lead to smaller values for the RC-
FWHM however, for the very thin films, the curves are of no use anymore since the 
signal-to-noise ratio becomes very low.  The RC recorded with the smallest slits gave 
a FWHM for Al2O3 of 0.084º and of 0.284º for a CrO2 film prepared with φO2 = 100 
sccm and TS = 380 ºC. 
7.6 High resolution electron microscopy study 
 The instrumental characteristics and TEM/HREM sample preparation procedures 
are described in appendix A.4. Figure 7.26a is a bright field cross-section image of a 
film deposited at TS = 360 ºC and φO2 = 100 sccm showing both the deposit and the 
substrate. Two different regions can be identified across the deposited layer. As 
predicted before, a Cr2O3 interlayer is formed during the first stage of deposition. 
Actually, this layer consists of a three-dimensional (3D) pyramidal structure (figure 
7.26b). On average, this structure is ~20 nm high which is very close to the estimated 
value using the XRD analysis described previously. For this film in particular an 
interlayer of 10 nm was estimated considering a flat surface. These values also 
correspond to the estimated average size of the Cr2O3 crystallites as described above.  
  
Figure 7.26: a) bright field TEM image along the [02 10] orientation of Al2O3 for a film 
deposited at TS = 360 ºC with φO
2
 = 100 sccm and b) detail showing the Cr2O3 3D interlayer. 
~20 nm
columnar growth 
strain and dislocations Cr2O3 + CrO2
substrate
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substrate 
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On the top layer where a clear contrast is observed, surprisingly, a mixture of Cr2O3 
and CrO2 phases was identified. The observed contrast in the top layer suggests a 
columnar growth, as previously observed on the SEM micrographs (figure 7.2), and 
the defects observed along the layer (strain and dislocations) indicate stress during 
growth. From the high resolution images of the interface between the pyramidal 
structures and the substrate (figure 7.27), it is possible to observe some defects and 
distortions at the films interface. They can be justified by the lattice mismatch 
between Cr2O3 and the sapphire substrate (4.2%) in the growth direction. 
substrate
Cr2O3 layer
 
Figure 7.27: High resolution image of the sapphire substrate-
Cr2O3 3D pyramidal interfacial layer for the film deposited at TS = 
360 ºC and φO
2
 = 100 sccm. Insets show electron-diffraction 
simulations of images using FFT. 
 Electron-diffraction simulations using Fast Fourier Transform (FFT) patterns of 
the high resolution images for both the film and substrate are shown in the insets of 
figure 7.27; they indicate that the Cr2O3 has the same crystal structure as the 
sapphire substrate as well as the same orientation, as determined before.  
 When the deposition temperature is lowered to 340 ºC while keeping φO2 = 100 
sccm, a different interfacial structure is formed. Although the interface between the 
substrate and the deposited layer appears sharp and free of defects, as can be 
observed in the bright field image of figure 7.28a, no Cr2O3 interlayer or 3D structure 
was found. In fact, a mixture of CrO2 and Cr2O3 crystals was identified at the interface 
Defects and 
distortions 
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which apparently extends to the entire film as can be seen in the high resolution 
images of figure 7.28 and figure 7.29a. In these images also some disoriented lattice 
fringes indicating strain are observed between the chromium oxides crystals. In figure 
7.29a the selected area diffraction (SAD) pattern of the same film is shown. Both the 
aluminium and chromium oxide corundum crystal structures are identified. In the 
diffraction pattern, it is possible to distinguish between spots corresponding to both 
5 nm
  
50 nm
 
Figure 7.28: Cross-sectional bright field image (left) along 
the [011 0] orientation of the Al2O3 substrate and HREM 
images of the interface (top) of a film deposited at TS = 340 
ºC and φO
2
 = 100 sccm. Sapphire substrate and chromium 
oxide crystals are identified. 
 
  
Figure 7.29: a) Cross-sectional bright field image along the [011 0] orientation of the Al2O3 
substrate for a film deposited at TS = 340 ºC and φO
2
 = 100 sccm; b) Selected area diffraction 
pattern of the same film where reflections from Al2O3 [011 0] and Cr2O3 [011 0] corundum 
crystal structure and the [001] CrO2 rutile reflections (circles) are observed. 
substrate 
substrate 
substrate
CrO2
CrO2Cr2O3
Cr2O3
film 
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Al2O3 and Cr2O3 only for the highest order of reflections, showing the high structural 
similarity between both phases. The CrO2 rutile phase reflections are identified with 
circles in the same figure. From the SAD analysis the following orientation relationship 
is deduced: [001]CrO2 || [011 0]Cr2O3 ||[011 0]Al2O3, which is equivalent to the one found 
by XRD ϕ–scans by rotating the CrO2 (100) plane by 60º (figure 7.15). From the TEM 
and HREM analyses it is clear that depending on synthesis temperature differences 
between the films structure arise. Films made at TS = 360 ºC have a Cr2O3 interlayer 
which appears to be missing on those made at lower TS = 340 ºC; the latter are 
characterised by a Cr2O3/CrO2 combination. These results follow in general the 
proposed interlayer structure discussed previously. The results for the film thickness 
estimated from the XRD patterns and shown in figure 7.13 had already predicted the 
formation of a Cr2O3 interlayer whose thickness decreases with decreasing TS (dCr2O3 ~ 
3.5 nm at TS = 340 ºC). 
 The surprising result in the electron microscopy study is the apparent 
significant amount of Cr2O3 found in the layer beyond that near the substrate. This is 
not consistent with the results obtained by XRD. As can be seen (figure 7.30) in the 
XRD patterns of the two films analysed by TEM and HREM, the intensities of the Cr2O3 
peaks are very small in relation to the CrO2 ones; this is even more striking if we 
compare the magnitudes of the structure factors for both phases: F006 (Cr2O3) = 
86.33; F200 (CrO2) = 18.11. As mentioned before, Rabe et al. [1;2] using a TEM have 
also shown the initial growth of an epitaxial Cr2O3 (0001) layer, less than 40 nm thick, 
directly on the sapphire substrate, and the growth of CrO2 crystallites intersected by 
some Cr2O3 inclusions. However, these authors never found any traces of Cr2O3 on 
their XRD patterns. 
 The possibility that the CrO2 decomposes while the TEM analysis is carried out 
with the 200 keV energetic e- beam or/and during the sample preparation procedure is 
remote but possible. There is also the possibility that the films new surface exposed to 
air acquire the well known Cr2O3 native oxide layer visible on the TEM images 
surrounding the CrO2 crystallites. It might also be that the Cr2O3 crystallites in the 
CrO2 matrix, in contrast to the Cr2O3 at the interface, diffract at higher 2θ angles being 
hidden by the CrO2 intense peaks. 
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Figure 7.30: XRD patterns (square root intensity scale) of films 
made at TS = 360 ºC and 340 ºC with φO
2
 = 100 sccm. Substrate 
peaks are indexed as “S”. 
7.7 Deposition kinetics 
 Before discussing film’s growth kinetics it is important to highlight a few 
unclear points. Although the effort put on the description of the deposition process by 
several authors, the reaction mechanism and even the composition of the gas phase 
that reaches the substrate remains essentially unknown. What is in fact known and 
was shown in figure 6.10 is that Cr8O21 is the direct “solid” precursor of chromium 
contained in the gas that passes over the substrate. As referred before in section 
2.2.2, Ivanov et al. [21] proposed that the molecule “CrO4”, a diperoxide chromium 
complex, analogue to CrO2Cl2, could be the direct CrO2 precursor according to the 
following scheme: 
CrO3 Æ Cr8O21 Æ CrO4 Æ CrO2  eq. 7.11 
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 In this decomposition scheme, O2 would act simply as a carrier gas and as the 
chromium diperoxide radical stabilizer, and the surface reaction would presumably be 
of the 1st order. Indeed, the same authors assumed that the “CrO4” intermediate 
species is short lived and, as a consequence, the activation energy (Ea) for the thermal 
decomposition should be low and the reaction kinetics would approach the mass 
transport limited mechanism. As we will show hereafter, this is not the case. The 
range of values estimated for the activation energy is compatible with a chromium 
molecular gaseous species surface reaction. In fact, the deposition process is more 
complex than in the most common CVD systems because two different gases, at least, 
co-exist in the reaction tube, their partial pressure ratio being related in a complex 
way, as will be discussed next. A more striking feature related to the deposition 
chemical reaction is the fact that the process can be defined as a reduction reaction, 
Cr (VI) Æ Cr (IV), under an O2 atmosphere. 
 In order to study the growth kinetic mechanism(s) underlying the CVD of CrO2, 
the deposition rate, GCrO2, was determined experimentally as a function of growth 
temperature and used to match with possible rate-limiting reactions. The Arrhenius 
diagrams depicted in figure 7.31 show the logarithm of the deposition rate as a 
function of the reciprocal substrate temperature for films deposited with different 
oxygen flow rates. The data shown refer only to “single phase” CrO2 films as observed 
on the linear XRD plots, and the fits are the ones with the best correlation value. For 
φO2 = 50 sccm, figure 7.31a, only one straight line is needed to fit the data within the 
full temperature range investigated. The slope of the straight line yields an apparent 
activation energy of Ea = 121 ± 4 kJ mol-1, and consequently surface chemical reaction 
kinetics is the rate-limiting mechanism responsible for the CrO2 film synthesis. It 
should be noted that the growth rate attains the value of ~0.1 nm s-1 at 410 ºC, which 
is much larger than the reported values for the deposition of CrO2 films from CrO3 on 
TiO2 substrates (by 2 to 2.5 times) [5;22]. For φO2 = 100 sccm, figure 7.31b, 
andφO2 = 200 sccm, figure 7.31c, the rate-limiting mechanism at low temperature is
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Figure 7.3: Arrhenius diagrams with the correspondent 
linear fits for CrO2 films deposited with φO
2
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similar to that observed for the films produced with 50 sccm, although with a reaction 
activation energy of 147 ± 7 and 166 ± 7 kJ mol-1 respectively (figure 7.31d). The 
decrease of Ea as φO2 decreases might explain the lowest substrate temperatures that 
can be used to grow CrO2 with the 50 sccm O2 flow rate. However, at high 
temperature, the deposition rate becomes less and less temperature dependent as φO2 
rises up which is a sign that the growth mechanism is changing and the thin films 
growth is now limited by mass transport, i.e. by the diffusion of the active gaseous 
species to the deposition surface through a boundary layer. The temperature at which 
the transition between these two mechanisms occurs is about 370 ºC and 390 ºC 
respectively for φO2 = 100 and 200 sccm. These values are close to the Ttr previously 
determined from the RC-FWHM and it is evident that they should be related. Indeed, 
in the range where the reaction kinetics rate-limiting mechanism takes over, the 
increase of temperature and the decrease of supersaturation, indicative of a low 
surface coverage and high mobility of the adsorbed species to find the lowest energy 
site for reaction [23], lead to the growth of increasingly highly oriented crystals, in 
agreement with the RC results obtained at T < Ttr and shown in figure 7.24. Once the 
reaction mechanism turns on to mass transport limited the substrate temperature is 
no longer a relevant parameter for film growth and therefore the continuous 
improvement of the crystal quality with increasing temperature is disrupted. For the 
50 sccm O2 flow rate, the occurrence of one single surface reaction mechanism 
explains the monotone decrease of the RC-FWHM as TS increases. 
 The fact that a lower O2 flow rate gives a larger region of surface control is 
rather unexpected. Because a constant atmospheric pressure was used during the 
CVD growth, the decrease of the O2 flux, in sccm unit, is directly proportional to the 
decrease of the total gas velocity. Therefore, at the highest deposition temperatures 
where the highest deposition rates occur, mass transport is to be expected as the 
rate-limiting mechanism with the decrease of the precursor’s gas flow rate arriving at 
the substrate surface. This usual assumption is in contrast with our experimental 
results and so, we need a closer look into the process of carrying the precursor, φCrOX, 
through the reactor tube by the O2 flux. The description of the φCrOX, in the frequent 
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case where the working pressure, PT, is higher than the precursor vapour pressure, pv, 
can be simplified to [24]: 
× 2 2CrO O 1 2 O
1 exp( / )K Kφ φ φ⎡ ⎤≈ − −⎣ ⎦  eq. 7.12 
where K1= PT/pv and K2 is the product of the mass of the percursor by its mass 
transfer coefficient, kc. This coefficient is a diffusion rate constant that relates the 
mass transfer rate, n  (mol s-1), the effective mass transfer area, A (m2), and the 
driving force concentration gradient, ΔC (mol m-3), as [25]: 
c
n
k
A C
= Δ

 eq. 7.13 
The mass transfer coefficient can be estimated from material properties, intensive 
properties and flow regime (laminar or turbulent flow). 
 From eq. 7.12 it is clear that an increase of the O2 flow rate yields a change of 
the Cr precursor flow rate in a complex way involving the product of a linear increase 
term and an exponential decay. As a result, it might happen that within a φO2 range 
difficult to determine, the Cr precursor velocity increases when φO2 decreases. Future 
work comprising the computer simulation and modelling of the deposition process 
should be carried out in order to better understand this issue. 
 It is important to note that the discussion above implies considering the gas 
flow as laminar or non turbulent. The characterization of a flow system as laminar 
(where viscous forces are dominant) or turbulent (dominated by inertial forces, 
producing random eddies, vortices and other flux fluctuations) can be made using the 
Reynolds number (Re) defined in eq. 3.6. In our setup, if we consider φCrOX negligible 
in comparison with the flux of the O2 carrier gas, the laminar gas flow regime will 
remain up to the 300 sccm limit. 
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7.8 Surface morphology and roughness 
 The surface morphology of the as-deposited films was studied by atomic force 
microscopy (AFM) as a function of growth temperature, oxygen carrier flow rate and 
deposition time.  
 10 μm     
10
 μm
 
   
 
 410 ºC (1424 ± 49 nm) 400 ºC (893 ± 56 nm) 390 ºC (846 ± 100 nm)  
 
   
 
 380 ºC (657 ± 40 nm) 370 ºC (326 ± 70) 350 ºC (169 ± 18 nm)  
 
   
 
 340 ºC (113 ± 22 nm) 330 ºC (57 ± 13 nm) 320 ºC  
Figure 7.32: AFM surface pictures of CrO2 films deposited at different TS values with φO
2
 
= 50 sccm (10 × 10 μm2). Films thicknesses are indicated in brackets. 
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The surface features were found to depend primarily on film thickness, i.e. films with 
the same thickness display similar morphologies and surface roughness whatever the 
experimental growth conditions used. Figure 7.32 displays the AFM images of scanned 
10 μm × 10 μm surface area for films grown during 4 hours with φO2 = 50 sccm at 
various deposition temperatures. Three different morphologies can be observed: at 
lower TS the surface is completely covered by rounded and elongated particles, 
characteristic of CrO2, ranging in size from 90 to 200 nm as detailed in figure 7.33. 
   
Figure 7.33: AFM 3D picture (1 × 1 μm2, 
z = 75 nm) of a film made with TS = 330 
ºC and φO
2
 = 50 sccm. 
Figure 7.34: AFM 3D picture (2 × 2 μm2, 
z = 20 nm) of a film made with 
TS = 340 ºC and φO
2
 = 50 sccm. 
 
Figure 7.35: AFM picture (2 × 2 μm2) of a film 
made with TS = 380 ºC and φO
2
 = 50 sccm. 
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As TS increases, the surface flattens and appears as made of platelets with a 
characteristic size of ~300 nm and an irregular contour as detailed in figure 7.34, 
which appear to be made of parallelogram blocks. At the highest growth temperatures 
the morphology is of nodular type consisting of equiaxial particles which may attain 5 
μm in diameter and are composed of nano-sized elongated grains. A magnified image 
of one of these nodules is shown in figure 7.35. 
 The morphologies described above are typical of the CrO2 films and 
independent of the oxygen flow rate used for film growth; figure 7.36 is an example 
for films deposited with φO2 = 200 sccm. A similar study was conducted for films grown 
during different dwell times. 
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 360 ºC (227 ± 28 nm) 340 ºC (99 ± 10 nm)  
Figure 7.36: AFM surface pictures of CrO2 films deposited at 
different TS values with φO
2
 = 200 sccm (10 × 10 μm2). Films 
thicknesses are also indicated. 
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Figure 7.4: AFM surface pictures of CrO2 films deposited 
during different dwell times with TS = 380 ºC and φO
2
 = 50 
sccm (10 × 10 μm2). Films thicknesses are indicated. 
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Figure 7.5: AFM surface pictures of CrO2 films deposited 
during different dwell times with TS = 390 ºC and φO
2
 = 200 
sccm (10 × 10 μm2). Films thicknesses are indicated. 
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Figure 7.37 presents the AFM surface pictures of CrO2 films deposited with TS = 380 
ºC and φO2 = 50 sccm while in figure 7.38 the growth temperature is TS = 390 ºC and 
φO2 = 200 sccm. As can be seen, similar morphologies are observed when films with 
similar thickness are compared. 
 The films’ surface roughness was studied by calculating the root mean square 
roughness parameter, Rrms or Rq, given by: 
( )2
0
1 L
qR r x dxL
= ∫  eq. 14 
where r(x) represents the surface roughness profile and L is the evaluation length. 
 For the films deposited with φO2 = 50 sccm, Rq varies from 6 to 20 nm over a 
surface area of 10 μm × 10 μm. When analyzing films surface roughness as a function 
of growth temperature (or thickness), as shown in figure 7.39, it is possible to identify 
a range of films thickness, from 100 to 250 nm, for which minimum surface roughness 
is measured.  
0 200 400 600 800 1000 1200 1400 1600
6
8
10
12
14
16
18
20 4
1040
0
39
0
38
0
37
0
36
0
35
0
34
0
33
0
 
TS (ºC) 
R q
 (n
m
)
Film thickness (nm)
32
0
φO2= 50 sccm 
IIIIII
 
Figure 7.39: surface roughness (rms) as a function of 
thickness for films deposited at different temperatures with 
φO
2
 = 50 sccm. 
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 This range should also be the optimum one for device applications since the 
contact interface is maximized. Indeed, the Rq values may be grouped in three levels 
corresponding to the three different morphologies discussed above and identified in 
figure 7.39 and figure 7.40 as I, II and III. The Al2O3 (0001) substrate surface has an 
Rq value of ~0.4 nm. Extending this study to all samples, we have plotted in figure 
7.41 all roughness data points as a function of film thickness, independently of φO2, tdep 
and TS. It is clear from this plot that film thickness is the prominent factor determining 
the microstructure and roughness of the thin films. 
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Figure 7.40: AFM section pictures ~7 μm length, representative of the three different 
morphologies identified in figure 7.39 as I, II and III. 
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Figure 7.41: surface roughness (rms) as a function of film 
thickness independently of φO
2
, tdep and TS. 
× 
7. Chemical Vapour Deposition – Results and discussion 
 
 184 
7.9 Magnetic and transport properties  
 Some of the deposited films were characterized magnetically and also from the 
electrical and spin transport point of view. Results were correlated with the structural 
properties discussed above. The transport and magnetic properties were measured by 
Prof. Lesley Cohen's group at Imperial College. A summary of the techniques and 
procedures employed, and of data treatment is given in appendix A.9 and appendix 
A.10. 
7.9.1 Magnetization 
 One of the most important results made available by the magnetic 
characterization, which effectively provides a direct measure of the quality of the CrO2 
films and of their possible application in spintronic devices, is that low temperature 
grown samples show the same RT magnetic behaviour as those films grown at higher 
temperatures. This important conclusion was drawn from measurements of the type 
displayed in figure 7.42, where the RT out-of-plane magnetization vs. field loop is 
plotted for two samples deposited with φO2 = 50 sccm at TS = 330 ºC (57 ± 17 nm) 
and 340 ºC (113 ± 22 nm). The RT saturation magnetization, Msat, for these films is 
respectively (1.5 ± 0.3)μB per formula unit (f.u.) and (1.5 ± 0.4)μB/f.u. The 
uncertainty is in the magnetic volume which was determined by measuring the films 
surface area, by imaging analysis, and the films thickness by SEM cross-section 
analysis. The values given above for our CVD films are consistent, within error, with 
both bulk [26] and high quality film [27] saturation magnetization of 2.0 μB/f.u. at 5 K 
and a Curie temperature, TC, of 393 K. Therefore, the results presented are consistent 
with the deposition of a highly pure ferromagnetic CrO2 phase.  
 Other two important magnetic properties of the deposited films regarding 
spintronic applications are the easy axis of magnetization and the coercive field of the 
material. In-plane easiest axis of magnetization is preferred for magnetoresistive 
heterostructures while high coercivities are essential for magnetic recording media. 
figure 7.43 shows the RT hysteresis loops of films deposited at TS = 330 ºC and  
φO2=50 sccm for 8 hours as a function of the applied field, for different angles between 
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Figure 7.42: RT out-of-plane magnetization vs. applied field, for 
samples grown at a) TS = 330 ºC (tdep= 8 hours) and b) TS = 340 ºC 
(tdep= 4 hours). 
the field direction and the normal to the film surface. As can be seen the easiest axis 
of magnetization is located in-plane. Furthermore, a coercive field of ~0.02 Tesla was 
deduced. This value is among the highest measured for CrO2 films deposited on 
sapphire or TiO2 substrates (table 7.7) although still magnetically softer than oriented 
CrO2 particles in recording tapes (~0.06 Tesla) [28]. The lower coercivity measured in 
highly oriented CrO2 films might be related with some interactions between magnetic 
domains that are not completely isolated nor the magnetic interactions are affected by 
grain boundaries and impurities or defects. 
a) 
b) 
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Figure 7.43: RT magnetization vs. applied field as a function 
of the angle between the field direction and the perpendicular 
to the surface, for a film deposited at TS = 330 ºC, φO
2
 = 50 
sccm and tdep= 8 hours.  
 Detailed studies of the magnetic properties as a function of the structural 
properties of the as-deposited films, in particular the effect of the antiferromagnetic 
Cr2O3 interlayer on saturation magnetization were carried out. Figure 7.44 shows the 
Msat as a function of temperature, determined from the hysteresis curves measured 
with the magnetic field applied perpendicular to the film surface, for three films grown 
at TS = 380 ºC and φO2 = 50 sccm with thicknesses of 126, 344 and 657 nm (tdep of 1, 
2 and 4 hours, respectively). The Msat value for a 57 nm thin film deposited during 8 
hours at TS = 330 ºC is also shown. The deduced Msat values at 5 K and RT are 
presented in table 7.5 together with the estimated dCr2O3/dt ratio (Cr2O3 layer thickness 
over total film thickness). Clearly, the presence of a thick Cr2O3 interfacial layer affects 
the magnetic properties; a high dCr2O3/dt value has a detrimental effect on the 
saturation magnetization value. The low magnetization measured for the film with 126 
nm can be attributed to the coexistence of two magnetic phases, the ferromagnetic 
CrO2 and the antiferromagnetic Cr2O3, which is known to contribute to a decrease of 
the magnetization among others. As the film grows, the amount of CrO2 relative to the 
Cr2O3 increases too, which has an immediate consequence on the Msat values. On the 
7. Chemical Vapour Deposition – Results and discussion 
 
 187 
contrary, the film made at TS = 330 ºC with 57 nm, for which the thickness of the 
interfacial Cr2O3 layer was estimated to be ~4 nm, shows Msat = 1.5 μB/f.u. at 290 K 
which is compatible with a saturation magnetization of 2.0 μB/f.u. at 5 K and a Curie 
temperature of 393 K, in agreement with literature values. 
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Figure 7.44: Saturation magnetization vs. temperature for 
films with different thicknesses grown with φO
2
 = 50 sccm at 
Ts = 380 ºC (open symbols) and at Ts = 330 ºC (full circle). The 
dCr
2
O
3
/dt ratio for each of the films is indicated in brackets. 
Table 7.5: Msat at 5 K and RT and dCr
2
O
3
/dt values for films grown at different temperatures, TS, 
with φO
2
 = 50 sccm. 
Msat (μB/f.u.) 
TS (ºC) dt (nm) dCr2O3 (nm) 
5 K 290 K 
dCr
2
O
3
/dt 
330 57 ± 17 4 ± 1 - 1.5 0.06 ± 0.02  
340 113 ± 22 8 ± 2 - 1.5 0.07 ± 0.02 
380 657 ± 40 14 ± 1 1.8 1.4 0.021 ± 0.002 
380 344 ± 29 12 ± 1 1.5 1.1 0.04 ± 0.01 
380 126 ± 23 46 ± 8 0.6 0.4 0.4 ± 0.1 
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 In conclusion, the Cr2O3 making part of the interfacial layer influences 
significantly the film’s magnetization. Films grown at high TS have to be thick enough 
to avoid the Cr2O3 interfacial layer deleterious effect. However, we showed that thick 
films are characterised by rough surfaces. This means that low TS, ~330 ºC, are 
preferred when preparing ferromagnetic CrO2 thin films (~100 nm). 
7.9.2 Electrical resistivity 
 Similar conclusions about the effect of the Cr2O3 interlayer can be drawn from 
the electrical transport study with temperature for different samples. The resistivity 
(ρr) vs. temperature curves, determined as described in appendix A.11, for some of 
the measured films are presented in figure 7.45a. The results are summarised in table 
7.6. All films show a metallic behaviour, as expected, and a very strong increase of 
the resistivity, which varies as T2, above 150 K as can be seen in figure 7.45b. Below 
50 K the resistivity is practically constant with decreasing temperature. 
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Figure 7.45: a) resistivity vs. temperature for three samples showing different thicknesses 
and thus different microstructures; data from the IBM group () is also plotted for comparison 
(adapted from ref. [14]); b) linear dependence of the resistivity on T2 for the 150 – 300 K 
range. 
a) b) 
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Table 7.6: Electrical transport data and dCr
2
O
3
/dt for the films studied in figure 7.44 and figure 
7.45 
TS (ºC) dt (nm) ρ0 (2 K, μΩ m) ρr (290 K, μΩ m) ρr (290 K)/ρ0 (2 K)  dCr2O3 /dt 
380 657 ± 40 0.15 2.27 15.1 0.021 ± 0.002 
380 344 ± 22 0.35 2.85 8.12 0.04 ± 0.01 
380 126 ± 23 1.92 6.32 3.29 0.4 ± 0.1 
330 57 ± 17 0.97 3.41 3.52 0.06 ± 0.02 
 The average slope for the curves is ~4 × 10-3 μΩ cm K-2; this is very large 
compared to that for Ni, Co and Fe (~10-5 μΩ cm K-2). The slope/γ2 ratio, where γ is 
the low temperature specific heat (γCrO2 = 2.5 – 5.1 mJ mol-1 K-2 [29]), can be used to 
evaluate the electronic scattering process which produces the T2 dependence. For the 
films shown, this ratio is large compared to that characteristic of the previous metals 
for which the T2 dependence is assigned to electron-electron scattering [30]. In the 
case of CrO2, the T2 term is attributed to an electron-phonon scattering term [31].  
 The resistivity of the 657 nm film grown at TS = 380 ºC is in good agreement 
with other thick films grown on Al2O3 (0001) (table 7.7) [14]. On the other hand, the 
126 nm film grown at TS = 380 ºC too, and the 57 nm film grown at TS = 330 ºC, 
have a residual resistivity that is higher by an order of magnitude. The difference in 
resistivity between the three films is rather temperature independent and is probably 
caused by a reduced conducting thickness due to the Cr2O3 interface layer and 
increasing significance of grain boundary scattering with decreasing grain size. In fact, 
both growth temperature (via grain boundary effects and grain size) and dCr2O3/dt (via 
reduced conducting thickness) have an impact over films resistivity. 
 
  
Table 7.1: Magnetic and electrical transport measurements (powders and films) and spin polarization of CrO2 from different bibliographic sources. 
PCAR: Point Contact Andreev Reflection; PES: Photo Emission Spectroscopy; SC: Superconducting Counterelectrode; TIO: TiO2; ALO: Al2O3. 
 Magnetization Coercive field Resistivity 
Spin polarization 
/technique 
Commercial powder for 
magnetic recording [32] 
− μ0H (RT) = ~0.06 T 
μ0H (5K) = ~0.1 T 
ρ0 = 0.1 μΩm − 
Powder from Cr(NO3)3 [33] 
Msat (5 K) = 1.5 μB 
Msat(RT) = 0.84 μB 
μ0H (5 K) = ~0.045 T 
μ0H (300 K) = ~0.005 T 
− − 
Films     
Polycrystalline film [27] Msat (5 K) = 2.0 μB − − − 
High pressure from CrO3 
[34] 
− (AlO110) μ0H (RT?) = 0.007 T 
(TIO110) μ0H (RT?) = 0.015 T 
ρ0 = 0.2 μΩm 
ρr (RT) = 20 μΩm − 
CVD from CrO3 [35] − − 
ρ0 (TiO100)= 1.23 μΩm 
ρ0 (TiO110)= 0.07 μΩm 
ρ0 (TiO001)= 7.07 μΩm 
− 
CVD from CrO3 [36] 
(TiO2) 
− 
μ0H (300 K, 600 nm) = ~0.002 T 
μ0Hc (300 K, 260 nm) = ~0.01 T 
μ0Hc (300 K, 30 nm) = ~0.025 T 
− − 
CVD from CrO3 [37] − −                   (TIO100) − Pn (1.85 K, Z = 0) = 96 % (PCAR) 
CVD from CrO3 [38] − −                  (TIO100) − Pn (293 K) = 95 % ± 10 % (PES) 
CVD from CrO3 [22] 
(Si/TiO2) 
− μ0Hc (300 K, 550 nm) = 0.003 T ρ0 = 0.25 μΩm ρr (RT) = 4.3 μΩm − 
CVD from CrO2Cl2 [39] − (TIO100) μ0H (300 K, 140 nm) = ~0.02 T − Pn (1.6 K, Z = 0)= 98.4 % (PCAR) 
CVD from CrO2Cl2 [40] 
Msat (5 K) = 1.9 μB 
Msat (RT) = 1.1 μB 
(TIO100) μ0Hc (RT, 200 nm) = ~0.01 T ρr (RT) = 240 μΩm Pn (1.7 K, Z = 1.3) = 80 % (PCAR) 
CVD from Cr8O21 [41;42] − 
(TiO100) μ0H (RT, [001]) = 0.001 T 
(TiO110) μ0H (RT, [001]) = 0.008 T 
(sapphire) μ0H (RT, [001];[010])=0.005 T 
(TiO100) 
ρr (300K)/ρ0 = 140 
Pn (1.2K, Z = 0) = 
97% (SC) 
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7.9.3 Spin polarization 
 The fundamentals and basic principles of operation of the Point Contact 
Andreev Reflection (PCAR) spectroscopic technique, including the spectra fitting 
parameters, are described in appendix A.10. In this work, the PCAR spectra obtained 
at 4.2 K indicate that, as in previous studies [37], a natural barrier forms on the 
surface of the films that needs to be punctured in order that good quality spectra can 
be obtained. Measurements using a normal metal, Au, tip indicated that this is an 
intrinsic feature of the surface of the CrO2, typical of a zero bias anomaly due to 
antiferromagnetic coupling within a barrier between two metal contacts [43]. Spectra 
obtained after the barrier was punctured were fitted using the BTK model [44] 
modified by Mazin et al. [45] according to the fitting procedure outlined previously in 
reference [46].  
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Figure 7.46: PCAR spectrum of a junction between a lead tip and a 
CrO2 film prepared at φO
2
 = 50 sccm and TS = 330 ºC. Two different fits 
are presented. The parameters from the fit are the polarisation, 
Pn = 90 – 95 %, the interface parameter Z, the superconducting energy 
gap, Δ, and the spreading parameter, ωB.  
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 PCAR spectra were measured in a variety of CrO2 films. In general a very high 
spin polarization degree, Pn, was determined in accordance with published results for 
CrO2 films. Furthermore, the low temperature grown samples keep the high degree of 
spin polarization. An example of this is shown in the spectrum of figure 7.46 where 
using different fittings parameters spin polarization values of 90 - 95% were 
determined for a film deposited at TS = 330 ºC with φO2 = 50 sccm (57 nm).  
 In figure 7.47, the fitting results for Pn and Δ (superconducting energy gap) as 
a function of Z (interface parameter) are presented for a series of CrO2 films deposited 
at different temperatures.  
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Figure 7.47: PCAR spectra fitting parameters Pn and Δ vs. Z for 
a variety of films deposited at TS = 330 ºC (;♦;●), 340 ºC (c), 
and 380 ºC (,Â), with φO
2
 = 50 sccm.  
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 An important observation is that low temperature grown films present a high 
degree of spin polarization. This result can be due to the small grain size of the films 
grown at low TS (<D>100 = 33 nm for TS = 330 ºC). The results also indicate that high 
Pn only occurs in conjunction with anomalously low interface parameter Z and 
depressed Δ. The interface parameter quantity encompasses both a contribution from 
barriers such as oxides on the tip/sample and the effect of Fermi velocity mismatch (a 
velocity that corresponds to a kinetic energy equal to the Fermi energy) between the 
two materials. The higher Z values cannot merely be associated with an increased 
contribution from the oxide barrier native to CrO2. The suppressed Δ can indicate 
induced superconductivity or proximity effects as a result of the long range spin triplet 
proximity effect [47]. Further theoretical work however is needed to confirm this 
conclusion. A more detailed study of the spin polarization of these films can be found 
in the paper by K. A. Yates et al. [47]. 
7.10 Summary 
 We have used a variety of characterisation techniques − XRD, AFM, 
SEM/TEM/HREM, PCAR, magnetic and electric transport techniques, to investigate 
CrO2 films grown on sapphire substrates by conventional (thermal) CVD at 
atmospheric pressure, from the CrO3 precursor.  We developped a highly efficient and 
reproducible deposition setup that allowed us to study, for the first time, as far as we 
know, the effect of varying both the oxygen carrier gas flux, φO2, and the substrate 
temperature, TS, on the structure, microstructure, deposition kinetics, magnetic and 
electrical transport properties, and spin polarization of the chromium oxide films. It 
was shown that films prepared at 330 ºC i.e., 60 – 70 ºC lower than it is reported in 
literature for the same chemical system, keep the same high quality magnetic and 
transport properties as those deposited at higher temperatures. 
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8. Conclusions 
 In this thesis a positive contribution for the development of efficient deposition 
techniques to synthesise chromium dioxide (CrO2) thin films was given. This 
ferromagnetic oxide is a potential material to be used in spintronic devices. It is crucial 
for applications and fundamental research to have the capability of producing high 
quality CrO2 interfaces in order to ensure the injection, manipulation and detection of 
spin currents through the device structure. Chemical Vapour Deposition (CVD) and 
laser-assisted CVD (LCVD) showed to be viable routes to produce the required 
interfaces with different success. 
 The deposition of chromium oxides by LCVD onto sapphire substrates from the 
photodecomposition of chromium hexacarbonyl, Cr(CO)6, was achieved using a KrF 
excimer laser (λ = 248 nm, τ = 30 ns). Deposition experiments were conducted in a 
high vacuum chamber at working pressures (PT) in the 10-5 mbar and 10-1 mbar 
ranges, with different gaseous compositions containing O2 and Ar. The results show 
that partial pressure ratio (pO2/pCr) of the reactants and laser fluence (F) are the 
fundamental parameters controlling the deposits phase evolution, crystallinity, 
deposition rate and particle size and distribution. When laser fluence increases, 
deposition rate increases and the Cr2O3 phase crystallinity is improved. Thin films 
containing both CrO2 and Cr2O3 phases were deposited at room temperature (RT) for 
PT = 0.1 mbar, pO2/pCr = 1 and F = 75 mJ cm
-2. Oxygen is essential for the growth of 
fully crystalline Cr2O3 but as pO2 increases further, a competing effect (on deposition 
rate), besides gas phase reaction, becomes important. Although the deposition of CrO2 
was achieved within a narrow window of the experimental parameters, the amount of 
co-deposited Cr2O3 was still significant and an obstacle to any magnetic 
characterization. These results can be attributed to the complexity of the deposition 
process which yet is not fully controlled either from the fundamental or the 
experimental point of view. Further work is needed to fully understand the UV-
laser/sapphire and the UV-laser/chromium oxides interaction, and to monitor the local 
deposition temperature as a function of laser fluence regarding the low pressure 
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chromium oxides phase diagram. LCVD seems however to open an interesting 
approach to the synthesis of biphasic chromium (III, IV) oxide films which have been 
shown to display extrinsic magnetoresistance i.e., enhanced CrO2 magnetoresistante 
due to the presence of antiferromagnetic Cr2O3 impurities.  
 The growth of CrO2 thin films on sapphire substrates from the CrO3 precursor 
by conventional (thermal) CVD was presented and the results of the characterisation 
using different techniques were discussed. The development of a highly efficient and 
reproducible deposition setup allowed to study, for the first time, the influence of 
varying both the oxygen carrier gas flux, φO2, and the substrate temperature, TS, on 
the chromium oxide films structure, microstructure, deposition kinetics, magnetic and 
electrical transport properties, and spin polarization. The experimental factors 
responsible for the successful deposition of CrO2 onto sapphire substrates were 
identified. Nevertheless, issues related to the actual chemical deposition process 
remain unclear. Future work on modelling should give more clues to these aspects, 
and also to the role played by the mass and heat flows through the reactor. 
 We have shown that highly oriented a-axis CrO2 films can be grown from 
410 ºC down to 330 ºC, using φO2 = 50 sccm; that is the lowest temperature reported 
so far (by ~70 ºC) for the CVD of the chemical material system used. It was also 
determined that the lower temperature limit to obtain high quality CrO2 films 
decreases with decreasing oxygen gas flow rate. This was explained by the observed 
decrease of the deposition activation energy (Ea) as φO2 decreases. For φO2 = 50 sccm 
(Ea = 121 ± 4 kJ mol-1) surface chemical reaction kinetics is the rate-limiting 
mechanism responsible for the CrO2 film deposition. For φO2 = 100 and 200 sccm the 
rate-limiting mechanism at low temperature is similar (Ea = 146 ± 7 kJ mol-1 and 
166 ± 7 kJ mol-1 respectively) but at high temperature the growth mechanism is 
limited by mass transport. The kinetics rate-limiting mechanisms were correlated with 
the CrO2 decreasing crystallites mosaics spread with TS. 
 Regardless of growth conditions, all samples presented XRD patterns with low 
intensity shoulders which were assigned to the Cr2O3 phase, growing along the c-axis 
perpendicular to the sapphire substrate. XRD, micro-Raman and TEM/HREM structural 
analysis showed that the Cr2O3 phase is located preferentially at the interface between 
the CrO2 and the sapphire substrate but definitely not at the surface, at least in 
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significant amounts. Furthermore, it was determined that the basal [001] direction of 
CrO2 and the [21 0] direction of sapphire and Cr2O3 are coincident, although this latter 
phase has a stronger epitaxy relation with the substrate than the CrO2. This 
observation justifies the growth of the interlayer structure as does the calculated 
mismatch values along the growth direction: Cr2O3/Al2O3 (4.2 %), CrO2/Cr2O3 (1.8 %) 
and CrO2/Al2O3 (6.1 %). The Cr2O3/Al2O3 mismatch is responsible for an increase of 
the layer energy as elastic strain energy as the film grows. Once a critical thickness 
(or volume) is reached, the film extra Gibbs free energy may give way to defects and 
dislocations and/or induce the phase transformation of Cr2O3 onto CrO2. We proposed 
that the ordering of the CrO2 top layer dominates over the Cr2O3 interlayer. Indeed, 
the determined Cr2O3 c-axis expansion is favourable to the CrO2 top layer growth, 
decreasing the mismatch between both layers. Strain energy should also be the 
driving force for this Cr2O3 structural arrangement. 
 The thickness of the proposed Cr2O3 interlayer was estimated from the XRD 
patterns using the extended face imperfect crystal model. The values obtained are in 
agreement with the observations made by TEM/HREM. With increasing TS film 
thickness increases roughly exponentially (for the same deposition time) but, 
however, the interfacial layer slightly increases from 3 to 20 nm in the temperature 
range 330 − 410 ºC. The critical thickness for phase transformation should be smaller 
for the films deposited at low temperature due to the higher accumulated strain 
energy. Regardless of other effects, it can be concluded that low temperature grown 
films display the thinnest Cr2O3 interlayer. 
 The surface microstructure of the as-deposited films was found to depend 
primarily on film thickness, i.e. films with the same thickness display similar 
morphologies and surface roughness whatever the experimental growth conditions 
used. The minimum surface roughness was measured for 100 - 250 nm thick films. 
 From the TEM/HREM analysis it is clear that depending on growth temperature 
significant differences between the films structure may be observed. Films made at 
TS = 360 ºC are characterized by a Cr2O3 interlayer with pyramidal structure, ~20 nm 
high i.e., the size of one crystal; the interlayer appears to be missing on those films 
prepared at lower TS = 340 ºC, which are characterised by having a Cr2O3/CrO2 
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mixture at the interface which is sharp and free of defects. A significant amount of 
Cr2O3 on the bulk of the films besides that found at the interface was also observed.  
 We have shown that only the Cr2O3 interfacial layer has some influence on the 
saturation magnetization of the films. In fact, films grown at high TS have to be thick 
enough to avoid the Cr2O3 antiferromagnetic phase deleterious effect. Meanwhile, thin 
low temperature grown samples keep the same RT magnetic behaviour, characteristic 
of ferromagnetic CrO2, as those thick films grown at higher temperatures since the 
Cr2O3 interlayer is almost absent on the first ones. The hardest axis of magnetization 
is with the field perpendicular to the plane of the film and a coercive field of ~0.02 
Tesla at RT was measured for films deposited at TS = 330 ºC.  
 The films show a metallic behaviour and a very strong increase of the resistivity 
which varies as T2 above 150 K. Actually, this dependence of resistivity with T2 is 
characteristic of CrO2. Both growth temperature (via grain boundary effects and grain 
size) and dCr2O3/dt (via reduced conducting thickness) have an impact over films 
resistivity, which however are compatible with high quality CrO2 films. Also, in general, 
a very high spin polarization degree was determined, even for films grown at low 
temperate e.g. at TS = 330 ºC (Pn = 90 – 95 %), in agreement with published results 
for CrO2 films grown at high temperatures. In fact, our low temperature grown 
samples present the highest degree of spin polarization, which is an indicator of the 
quality of the CVD films grown at low temperatures. 
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Appendix A. Characterization techniques 
Several techniques were used to characterize the structure, composition, morphology, 
and physical properties of the films described in this thesis. A brief review of the 
surface and bulk characterization techniques used and of the methods of analysis will 
be given in this appendix. 
A.1 Atomic force microscopy (AFM) 
 Scanning Probe Microscopy (SPM) is a family of powerful image techniques 
where a thin probe is swept through a surface and the tip-sample interaction is 
analyzed. These techniques depend on the very precise positioning of the probe at 
some nanometres above of the studied surface.  
 The Atomic Force Microscope (AFM) is a type of SPM consisting of a microscale 
cantilever with a sharp tip (probe) at its end that is used to scan the specimen 
surface. When the tip is brought into proximity of a sample surface, the interaction 
forces between the tip and the sample lead to a deflection of the cantilever according 
to Hooke's law. 
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Figure A.1: scheme of the components of an AFM. 
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The forces that are measured in AFM comprise mechanical contact, Van der Waals, 
capillary, chemical bonding, electrostatic and magnetic forces. Typically, the deflection 
is measured using a laser spot reflected from the top of the cantilever into an array of 
photodiodes as shown in the scheme of figure A.1 [1]. An AFM can be operated in 
tapping, contact and non-contact scanning modes, depending on the application [2]. 
Typical AFM values for the depth resolution and lateral resolution (probe size) are 0.01 
nm and 1 - 1.5 nm, respectively, enabling near atomic resolution imaging analyses.  
 A Digital InstrumentsTM microscope was used in this work, the scanning of the 
thin film surfaces being usually performed in the tapping mode.  
A.2 Scanning electron microscopy (SEM) 
 The scanning electron microscope (SEM) is a type of microscope that produces 
images of a sample surface by scanning it with a high-energy electron beam (10 - 50 
keV). The interaction of the e- beam with the near-surface region of the specimen 
generates secondary electrons, back scattered electrons, characteristic X-rays and 
light (cathodoluminescence). Secondary electron (SE) imaging is the SEM primary 
detection mode. In this mode, a SEM can produce high-resolution images of a sample 
surface, the large depth of focus yielding a characteristic three-dimensional 
appearance useful for understanding the surface structure of a sample. Typical values 
for lateral resolution are 5 nm. Beyond SE image mode, also back-scattered electrons 
(BSE) may be used to form an image. BSE imaging is usually applied to detect 
contrast between areas with different chemical compositions, especially when the 
average atomic weight of the various phases are different, since the electron yield in 
BSE image increases with the atomic weight. A complete review of SEM techniques 
can be found in reference [3].  
 The SEM images showed in this thesis were obtained using a Hitachi S2400 
microscope. The samples were not coated with any conducting film and because of 
this low voltage values were usually used. Films thickness was evaluated by taking at 
least 6 values along a cross-section image and for two different regions. 
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A.3 Energy dispersive X-ray spectroscopy (EDS)  
 Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique 
used for the elemental analysis of a sample, through the detection of the characteristic 
X-rays produced by the impact of an electron beam on the sample. An atom within the 
sample contains ground state electrons in discrete energy levels (or electron shells) 
bound to the nucleus. The incident beam may excite an electron in an inner shell, 
ejecting it from the shell while creating an electron hole where the electron was. An 
electron from an outer higher-energy shell then fills the hole, and the difference in 
energy between the higher-energy shell and the lower energy shell is released as X-
radiation. These X-rays are characteristic of the difference in energy between the two 
shells, and of the atomic structure of the element from which they were emitted. 
 Despite the number of commercial free-standing equipments available, EDS 
systems are most commonly found on scanning electron microscopes, by coupling to 
them an EDS spectrometer. 
 EDS qualitative analysis is straightforward consulting a comprehensive table of 
X-ray lines although careful attention should be paid to the problems of spectral 
interferences, artefacts and multiplicity of spectral lines. Using the scanning facility of 
SEM equipments, it is possible to get a space distribution of the elements. Quantitative 
analysis however involves several steps and can reach a relative accuracy approaching 
1% [3]. Depth resolution and lateral resolution typical values are 1-5 μm and 1 μm 
respectively. 
 EDS analyses were conducted using a RontecTM standard spectrometer detector 
coupled to the Hitachi S2400 microscope. 
A.4 Transmission electron microscopy and high 
resolution electron microscopy (TEM/HREM) 
 Transmission electron microscopy (TEM) is a technique whereby a beam of 
electrons is transmitted through an ultra thin specimen, interacting with the specimen 
as it passes through it. An image is formed from the electrons transmitted through the 
specimen, magnified and focused by an objective electromagnetic lens. High 
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Resolution Transmission Electron Microscopy (HREM) is an imaging mode of the 
transmission electron microscope (TEM) that allows the imaging of the crystallographic 
structure of a sample at atomic scale. Because of its high resolution, it is an invaluable 
tool to study nanoscale properties of crystalline material. Typical lateral resolution 
(probe size) of HREM is about 0.1 nm. A good review on TEM/HREM can be found in 
reference [4]. 
 The Transmission Electron Microscopy (TEM) and High Resolution Electron 
Microscopy (HREM) analyses were performed at the Universidad Carlos III, Leganés, 
Spain, by Prof. Carmen Ballesteros’s group. For this work cross-sectional specimens 
were prepared by mechanical grinding, dimpling and argon ion-milling of the samples 
in a liquid-nitrogen-cooled holder with an acceleration voltage of 5 keV and an 
incidence angle of 8º. Analytical TEM and HREM studies were carried out using a 
Philips Tecnai 20F FEG microscope operating at 200 keV, equipped with an EDS 
analysis system and a scanning transmission electron microscopy modulus (STEM) 
with a high angle annular detector (HAAD) for Z-contrast imaging and composition 
mapping. Electron diffraction pattern (EDP) and simulations using Fast Fourier 
transform (FFT) of the HREM images were used to analyze the crystal structure. 
A.5 X-ray photoelectron spectroscopy (XPS) 
 X-ray photoelectron spectroscopy (XPS) is a technique that allows to analyse 
the elemental composition, valence state and coordination of the elements present on 
the first atomic layers of a solid surface. XPS spectra are obtained by irradiating a 
material with a beam of X-rays while simultaneously measuring the kinetic energy and 
number of the characteristic electrons that escape from the surface of the material 
being analyzed. 
 Although the X-ray radiation has a high length of penetration (~10 nm), the 
photoelectrons that contribute for XPS spectra are the electrons produced close to the 
surface and ejected without loss of energy. The depth of analysis depends on the 
kinetic energy of the electrons in consideration, but it does not exceed 10 nm, being 
even possible to analyze layers of 1.5 nm. The typical XPS detection limit and lateral 
resolution are 0.01 – 1 at% and 10 μm – 2 mm, respectively. 
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 The X-rays have enough energy to eject electrons from the most internal layers 
of an atom on the surface of a sample with a given kinetic energy, Ec, in an elastic 
process of photoemission. The kinetic energy acquired by the photoelectron is a 
function of the energy of the X-rays, hυ, of the energy of the atomic level from where 
the electrons are ejected or binding energy, EB, and the spectrometer work function, 
W. The relationship between these parameters is given by: 
EB = hυ - Ec – W eq. A.1 
The capacity of detection of an element and its valence in a thin layer is the most 
important characteristic of this technique [5]. The XPS spectra are presented as a 
function of the binding energy of the electrons of the most internal layers of the atom 
(layer K). The binding energy or peak shifts occurring in the XPS spectra can be 
assigned by consulting XPS databases (e.g. NIST tables). 
 When analysing an XPS spectra two types of energy or line shifts exist that 
must be taken into account: the chemical shift and the charge shift. The chemical shift 
allows to evaluate the chemical state of the element and therefore to recognize its 
chemical neighbourhood. The charge shift supplies information on the electric 
conductivity of the material, allowing to find the real binding energies of the ejected 
electrons and to identify their origin. The charge shift is equal for all the elements of a 
homogenous sample. It occurs when in an insulating sample, irradiated by X-rays, the 
charge is not drained off the sample [5]. 
 Chemical shifting is typical of each element and is due to the action of the 
neighbourhood of a given atom over its valence electrons or oxidation state of that 
atom. The effect of the electronic clouds of neighbour atoms on the valence electrons 
modifies the shielding of the internal electrons. The effective nuclear charge on these 
more internal electrons originates variations of the binding energy of the electrons. 
Thus, when the photoionization of an atom occurs, the ejected electrons have a 
different kinetic energy, i.e., a chemical shift. 
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A.6 Auger electron spectroscopy (AES)  
 Auger electron spectroscopy (AES) is an analytical technique particularly useful 
when studying surfaces and thin films. Underlying the spectroscopic technique is the 
Auger effect, which is based on the analysis of energetic electrons emitted from an 
excited atom after a series of internal relaxation events. In this technique, X-rays or 
an electron beam1 with energies in the range of 2 keV to 50 keV are used to probe the 
sample surface. When an atom is probed in such way, an electron of the internal level 
K can be removed leaving behind a hole, which is filled by an electron of the external 
level L1. From this deexcitation results a kinetic energy excess, EL(K) - EL(L1), enough 
to release an electron of the L2,3 level (Auger electron), with a kinetic energy given by: 
Ec = EL(K) - EL(L1) - EL(L2,3) eq. A.2 
In this case, the kinetic energy that the electron acquires when ejected from the 
surface does not depend on the incident energy, as in the case of the photoelectrons, 
but only on the sample characteristics. Therefore, AES is based upon the 
measurement of the kinetic energies of the emitted electrons. Each element in a 
sample will give rise to a characteristic spectrum of peaks at various kinetic energies. 
Surface sensitivity in AES arises from the fact that emitted electrons usually have 
energies ranging from 50 eV to 3 keV and at these values, electrons have a short 
mean free path in a solid. The escape depth of electrons is therefore localized to within 
a few nanometres of the target surface, giving AES an extreme sensitivity to surface 
species. Sputtering is sometimes used with Auger spectroscopy to perform depth 
profiling analysis. Sputtering removes thin outer layers of a surface so that AES can be 
used to determine the underlying composition of specimen. AES allows to make 
superficial analysis with detection limit of 0.1 - 1 at%, depth resolution < 2 nm and a 
lateral resolution of 100 nm. It should be pointed out that AES quantitative analysis is 
a complex issue and its accuracy is not as good as in XPS [5]. 
                                          
1 The acronym XAES is sometimes used when X-rays are used as ionisation source. It should be 
noted however that the ionization method used has no significant effect on the final Auger 
spectrum. 
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 The AES and XPS spectra presented in this work were obtained using a VG 
Microlab 310F AES/XPS integrated equipment. 
A.7 X-ray diffraction 
A.7.1 X-ray diffraction θ-2θ measurements 
 X-ray diffraction techniques are still the principal source of information about 
the crystallographic structure of materials, despite the complementary information 
allowed by electron and neutron diffraction. As pointed out by von Laue in 1912, a 
crystal may be regarded as a three-dimensional diffraction grating for energetic 
electromagnetic waves (X-rays) of a wave length comparable with the atomic spacing. 
Consequently, a diffraction pattern should provide information about the regular 
arrangements of the atoms in the crystal. W.L. Bragg accounted for this by regarding 
a crystal as made out of parallel planes of atoms, spaced a distance d apart (lattice 
planes). The conditions for a sharp peak in the intensity of the scattered radiation are: 
i) the X-rays should be specularly reflected by the ions in one plane and ii) the 
reflected X-rays from successive planes should interfere constructively. X-rays 
specularly reflected from adjoining planes are shown in figure A.2. The path difference 
between the two rays is just 2d sin θ, where θ is the angle of incidence2 (θ is half the 
total angle by which the incident beam is deflected). For the rays to interfere 
constructively, this path difference must be an integral number of wavelengths, 
leading to the well known Bragg law, 
nλ = 2d sin θ eq. A.3 
where n defines the order of the reflection. 
 Modern X-ray crystal analysis is usually done with X-ray diffractometers. A 
diffractometer has a radiation counter (detector) to detect the angle and the intensity 
of the diffracted beam. In particular, when using Bragg-Brentano or θ-2θ 
configurations the detector is rotated at a double angular speed as the sample. 
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Figure A.2: A Bragg reflection from a particular family 
of lattice planes, separated by a distance d. Incident 
and reflected rays are shown for the two neighbouring 
planes. The path difference is 2d sin θ. 
A recorder automatically plots the intensity of the diffracted beam as the counter 
moves on a goniometer circle which is in synchronization with the specimen over a 
range of 2θ values. In this way both the angles of the diffracted beams and the 
intensities can be recorded at one time. An X-ray diffraction pattern is thus a plot of 
the intensity of the diffracted beam vs. the diffraction 2θ angle, the peak intensities 
and their 2θ angular positions giving information about the crystallographic structure 
of the material; the 2θ angular positions are related to certain lattice plane distances 
dhkl and thus to certain lattice planes (hkl). A classical reference on X-ray diffraction 
analysis is the B.D. Cullity text book [6]. The intensity of the peaks depends on 
several factors which will be discussed below. 
 The X-ray diffractograms described in this thesis were recorded using a 
Siemens D5000 diffractometer, with Cu Kα radiation (0.154056 nm), and operating in 
Bragg-Brentano geometry. The θ-2θ XRD patterns were usually made using an 
incident slit of 1 mm and a receiving slit of 0.6 mm, a step size of 0.04º and variable 
step time. 
                                                                                                                             
2 The angle of incidence in X-ray crystallography is conventionally measured from the plane of 
reflection rather than from the normal to that plane, as in classical optics. It should be noted 
that θ is just half the angle of deflection of the incident beam, which is 2θ. 
Source Detector 
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A.7.2 X-ray diffraction rocking curve measurements 
 Accurate texture and epitaxial analyses of thin films using an X-ray 
diffractometer can be achieved through rocking curve (RC) measurements. A RC is 
usually performed for a particular (hkl) peak of a θ-2θ scan to check the spatial 
distribution of the crystallites, probing the parallelism between scattering vector S
G
 
and the plane normal vector, hkln
G
 (figure A.3a). In order to perform a RC the detector 
is fixed, and thus the diffraction angle 2θ is constant, while the sample surface is tilted 
by an angle ω, as shown in figure A.3b. 
 
 
Figure A.3: scheme of the crystallites misalignment (mosaics spread) in 
relation to the scattering vector S
G
 normal to the diffraction plane; b) 
scheme of the geometry used for a rocking curve measurement. 
a) 
b) 
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As a consequence, the FWHM of the peak will have contributions from the 2θ-<2θ<2θ+ 
scattering angle range. If the crystallites are distributed completely randomly, like in a 
powder sample, a RC will not produce a peak but rather yield an almost constant 
intensity. The better the crystallites are aligned the narrower the RC will be. 
A.7.3 X-ray diffraction phi (ϕ)-scan 
 XRD ϕ-scan is one of the most powerful measurements for determining crystal 
orientations and their alignment relative to each other. The measurement is carried 
out for a certain chosen (hkl) plane which makes a ψ angle with the sample surface, 
as shown in figure A.4. Thus, selecting an incidence θψ = (2θhkl/2) ± ψ the Bragg's law 
is always fulfilled. The sample is rotated around the z-axis (ϕ angle) to probe the 
{hkl} family of planes. 
 
Figure A.4: scheme of the geometrical principles 
of a ϕ-scan analysis. 
A.7.4 XRD integrated intensity - extended face imperfect crystal model 
 A crystal is usually imperfect and has what is called a mosaic structure. This 
means that instead of being one large perfect crystal, it can be considered as an 
assemblage of mosaic blocks. Each little mosaic block can have a high degree of 
perfection, but there are slight variations in orientation in going from one block to the 
Ψ 
θΨ 
θhkl Ψ 
2θhkl
(hkl) plane 
φ 
Sample
z
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next. The variation in orientation can be thought of as due to small angle grain 
boundaries or to some other kind of dislocation array. A crystal is said to be “ideally 
imperfect” if it can be approximated by very small mosaic blocks, differing enough in 
orientation, so that the diffraction by each block can be considered as incoherent with 
respect to the diffraction from other blocks. These are the principles of the extended 
face imperfect crystal model [7]. 
 In this model a primary beam of intensity I0 and cross-sectional area A0, falls 
upon a crystal whose dimensions are greater than the cross-sectional area of the 
primary beam. It is assumed that the diffracting planes are parallel to the face of the 
crystal, so that the primary and diffracting planes each make angles θ with the face of 
the crystal. It is also assumed that there is no appreciable transmitted beam (thick 
crystal). A volume element between depths z and z + dz is irradiated by the primary 
beam. A mosaic block has N unit cells each with a volume υα. If δV is the average 
volume of a mosaic block (δV = Nυα), the number of blocks in the volume element will 
be (A0 dz)/(δV sin θ). For the radiation diffracted by this volume element there is an 
absorption coefficient μs for each sample, which can be defined by the following 
equation 
( ) ( )( ),s mf i M iμ ρ α λ⎡ ⎤= ⋅⎢ ⎥⎣ ⎦∑  eq. A.4 
were ρ is the density, α the absorption, M the atomic mass, fm the mass fraction, and 
λ is the radiation wavelength. Applying the expression for the total diffracted energy 
when a small single crystal is rotated at a velocity ω through the Bragg law position 
[7] to each little mosaic block, the total diffracted energy, E, is given by 
μ
α
λ δ
ω δυ
−+
=
⎛ ⎞ ⎛ ⎞+= ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ∫
2 sinθ3 24 2
0 0
2 4 2
0
1 cos 2θ
2sin2θ sinθ
szz dz
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I A dzVFe
E e
Vm c
 eq. A.5 
where e and m stand for the charge and the electron mass respectively, c is the 
velocity of light, ( 4 2 4e m c = 7.94×10-30 m2); 2 2 2 ( ,θ)( )
M T
T hklF F e
−= , where F(hkl) is the 
structure factor (function of atomic positions) and 2 ( ,θ)M Te−  is the Debye temperature 
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factor (depends on temperature and diffraction angle), and (1 + cos2 2θ/2 sin 2θ) is 
the Lorentz-polarization factor for a single crystal in an unpolarized primary beam. In 
eq. A.5 the multiplicity factor is absent since the model considers that there is only 
one set of hkl-planes and a single orientation in opposition to powder samples which 
have different crystal orientations (±h, ±k, ±l) but equivalent concerning d and F(hkl). 
The power in the primary beam is P0 = I0 A0; integrating eq. A.5 from z = 0 to dt (the 
film thickness), the total diffracted energy for an imperfect crystal is given by: 
t
24 3 2
2 sinθ
0 2 4 2
1 cos 2θ 1
1
2sin2θ2
sdT
s
Fe
E P e
m c
μ
α
λ
μω υ
−⎛ ⎞ ⎛ ⎞+ ⎡ ⎤= −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎣ ⎦⎝ ⎠ ⎝ ⎠
 eq. A.6 
Defining Ke = e4 λ3/2ω m2 c4, a constant characteristic of the XRD experimental setup, 
we obtain: 
t
2 2
2 sinθ
0 2
1 cos 2θ
1
2sin2θ
sdT
e
s
F
E P K e μ
αυ μ
−⎛ ⎞+ ⎡ ⎤= −⎜ ⎟⎜ ⎟ ⎣ ⎦⎝ ⎠
 eq. A.7 
The validity of eq. A.7 is limited by the requirement that extinction effects are 
negligible. This means that as the primary beam penetrates the sample, the reduction 
in intensity due to energy being diffracted out of the beam must be small compared to 
the reduction by absorption. For an ideally imperfect sample, with very small mosaic 
blocks having a wide range of disorientation, or for a weak Bragg reflection, this 
condition will be well fulfilled. 
A.7.5 X-ray Diffraction Line Broadening Analysis 
 The observed XRD line profile is the result of the convolution of a number of 
independent contributing shapes. The process of convolution can be described as the 
product of two functions with contributions of components from instrumental and 
physical factors integrated over all space [8], given by 
= ⊗ +h g f background  eq. A.8 
Appendix A. Characterization techniques 
 211 
where ⊗ stands for the convolution operator and h, g and f are the experimental, 
instrumental and pure physical profiles, respectively. In this relation, g is a function of 
all the instrumental effects and f depends on all the intrinsic (physical) factors.  
Instrumental broadening (due to non ideal X-ray optics, wavelength dispersion, 
sample transparency, axial divergence, flat sample effect, and detector resolution) is a 
source of line broadening just like the deviations from ideal crystallinity such as finite 
crystallite size, extended defects (stacking faults and antiphase boundaries) and lattice 
strain (microstrain). By analyzing this broadening it is possible to extract information 
about the microstructure of a material. 
A perfect crystal would extend in all directions to infinity, so we can say that no 
crystal is perfect due to its finite size. However, above a certain size (~0.1 - 1 μm) 
this type of line broadening is negligible. Crystallite size is a measure of the size of a 
coherently diffracting domain. Due to the presence of polycrystalline aggregates, 
crystallite size should not be confused with particle size. 
Based on the concept of `apparent’ domain size which is in fact the volume-
weighted average size <DB>V of columns of unit cells in the direction parallel to the 
diffraction vector, it is possible to extract from the full width at half maximum (FWHM) 
of the diffraction peak the size of the coherently diffracting domains using the Scherrer 
equation [6;8]: 
cos θB V
K
D
λ< > = Γ  eq. A.9 
where K is a constant whose value depends on the definition of microstrain used 
(typically K has a value of about 0.9) and Г is the FWHM of a reflection (in radians 2θ) 
located at θ (Bragg angle of the (hkl) reflection). An `integral breadth apparent size´ 
can also be defined, which is also a volume-weighted quantity, given by 
β V
size cos θ
K
D
λ
β< > =  eq. A.10 
where βsize =A/I0 is the integral breadth (width of a rectangle with the same height (I0) 
and area (A) as the diffraction peak). For Gaussian shaped peaks, the β and the FWHM 
are related by: 
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{ }ln 24πβ = Γ  eq. A.11 
If the broadening is now due to the sole strain effect, the following relation can be 
applied: 
str
str 4 tan θ
βε =  eq. A.12 
where εstr stands for the weighted average strain which, in the case of lattice strain, is 
given by 
0
str
0
d d
d
ε −=  eq. A.13 
where d is the interplane spacing of the sample and d0 is the interplane spacing of the 
standard powder. 
In order to obtain physical parameters such as the crystallite size and strain, 
the experimental profiles have to be corrected. Usually, the instrumental function can 
be evaluated using a standard powder or modelled separately by some functions 
based on the geometry of the XRD instrument. As an example, modelling the 
experimental profile with a Gaussian function and defining β as the true diffraction 
integral breath of the physical profile, we have that: 
2 2 2
0 iβ β β= −  eq. A.14 
where β0 and βi are the broadened and the instrumental line integral breaths, 
respectively. After instrumental correction, the nanostructural parameters can be 
extracted from the physical profile. In most cases, line broadening occurs due to the 
small crystallite size, distortion effects being present simultaneously.  
 Line profiles were fitted with pseudo-Voigt functions. The (200) and (400) 
diffraction lines of CrO2 at 2θ ~41º and ~89º were used to analyse the broadening 
effect, the profiles being considered as pure Gaussian functions. To compute the 
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FWHM of the rocking curves a simple geometric algorithm from the software package 
DIFFRACPLUS EVA was used. 
 To determine the instrumental broadening the sapphire substrate was used as 
standard since it may be considered a perfect crystal with size > 2 μm; in particular, 
the (0006) and the (0012) reflection lines respectively at 2θ ~42º and ~91º were 
used. No θ broadening correction was made due to the proximity of the sapphire lines 
with the CrO2 lines analysed. Both the broadened and instrumental line profiles were 
considered as Gaussian for the true diffraction integral breath. Tests were made using 
smaller receiving slits (0.2 mm) with resolved Kα1/Kα2 lines; however, similar overall 
results were obtained.  
A.8 Raman Spectroscopy 
A.8.1 The Raman effect 
 When monochromatic light strikes a molecule, most of the photons are 
scattered elastically in a process known as Rayleigh scattering. These photons have 
the same energy and therefore the same wavelength as the incident photons. 
However, a small fraction of the radiation (approximately 1 in 107 photons) is 
scattered by non-elastic processes, the scattered photons having a different frequency 
from the incident ones. The process that leads to this non-elastic scattering is called 
Raman effect. Raman spectroscopy is based on this effect. The low probability of 
occurrence of this effect requires the use of lasers as emitting light sources in Raman 
spectrometers.  
A.8.2 The scattering process  
 The Raman scattering is described in classical terms by non-elastic collisions of 
the photons of an incident beam with the molecules of a sample, as a consequence of 
the interaction with the electric dipole. Therefore, there is an energy exchange 
between the molecule and the photon, with the consequent variation of energy of the 
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later. In classical terms, the interaction can be seen as an electric field disturbance of 
a molecule. 
 Quantum mechanics describes the scattering as the interaction of a photon with 
a molecule from which results its excitation to a virtual state (lower in energy than a 
real electronic transition) with almost instantaneous de-excitation and vibrational 
energy variation. The life time of a scattering event is lower than 10-14 seconds. The 
energy of the emitted photon is determined by the initial and final vibrational levels of 
the process described. In Raman spectroscopy, this energy due to the transitions 
between vibrational levels of the fundamental electronic level is measured.  
 At room temperature the population of excited vibrational states is low but 
different from zero. If the emitted photon has a higher energy than the incident one, 
the process is called anti-Stokes Raman scattering. In contrast, if the emitted photon 
has a lower energy than the incident one, it is called Stokes Raman scattering. This is 
the one usually analysed in Raman spectroscopy because it is stronger than the anti-
Stokes scattering.  
A.8.3 Raman vibrational spectroscopy 
 A simple classic description of the electromagnetic field of Raman spectroscopy 
can be used to explain many of the characteristics of the Raman bands. An electric 
field E oscillating with frequency υ0 can induce in the molecule a dipole moment, Pα, 
distinct of its permanent dipole moment: 
Pα = αmE eq. A.15 
The proportionality constant αm is the molecular polarizability. This constant measures 
the ease with which the electronic cloud of a molecule can be scattered by the electric 
field of the incident radiation. The induced dipole emits or scatters light at the 
frequency of the incident radiation. In general Pα and E have different directions and 
therefore α is a tensor function of the nuclear coordinates.  
 The Raman scattering occurs because a molecular vibration can change the 
polarizability during the vibration. This change is described by the derivative of the 
polarizability dαm/dQv, where Qv are the normal vibration coordinates. Thus, the 
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selection rule for a Raman active vibration says that it has to be a change in 
polarizability during the molecular vibration. The dispersed intensity is proportional to 
the square of the induced dipole moment or to the square of the derivative of the 
polarizability (dαm/dQv) 2. 
 The energy of a normal mode of vibration depends on the molecular structure 
and the environment. The atomic weight, the bonding order, the molecular 
substitutes, molecular geometry and hydrogen bondings, all affect the vibration force 
constant that in turn determines the vibrational energy. The classic frequency of 
vibration is given by [9] 
b
m
1
2
fυ π μ=  eq. A.16 
where fb is the bonding force constant and μm the molecule reduced mass. Vibrational 
spectroscopy is not limited to intra-molecular vibrations. The crystalline lattice 
vibrations are also Raman active. Quantum mechanics requires that only certain 
atomic movements and well defined vibration frequencies are allowed. These are 
known as the normal modes of vibration of a molecule. The molecules can be classified 
in accordance with the elements of symmetry or operations that leave at least one 
equal common point. This classification originates the representation of point group for 
the molecule. As an example, in figure A.5, a scheme of the Raman allowed (by 
selection rules) normal modes of CrO2 are presented.  
A.8.4 Micro-Raman 
 In the micron-Raman technique, a Raman spectrum can be taken from samples 
with size that can be as small as 1 µm (lateral resolution). Other decisive advantages 
are the fact that sample preparation is not necessary and if a visible laser of low 
intensity is used no change or destruction of the sample occurs. With detection limits 
of up to 0.1 wt% and depth resolution of 1 - 2 μm, different components of one 
mixture can be identified and analyzed [9]. 
Appendix A. Characterization techniques 
 
 216 
 The micro-Raman spectroscopy analyses presented in this thesis were made 
using the 514.5 nm excitation line of an Ar+ laser with a ~2 μm spot diameter and 
power on the sample of ~5 mW. Peak profiles were fitted with Lorentzian functions. 
 
Figure A.5: scheme of the four allowed Raman active normal 
modes of the CrO2 rutile phase. Arrows represent in plane 
vibration and plus and minus sign out of plane vibrations [10]. 
A.9 Vibrating Sample Magnetometer 
 A Vibrating Sample Magnetometer (VSM) is a system commonly used to assess 
the magnetic behaviour of magnetic materials. Its operation mode is based on the 
Faraday's law of induction, which in its differential form is given by 
B
E
t
∂∇ × = − ∂  eq. A.17 
 This equation states that a changing magnetic field, B, induces an electric field, 
E. This electric field can be measured and can give information about the changing 
magnetic field.  
 A VSM operates by first placing the sample to be studied in a constant 
magnetic field. If the sample is magnetic, this constant magnetic field will magnetize 
the sample by aligning the magnetic domains, or the individual magnetic spins, with 
B2g B1g 
Eg 
A1g 
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the field. The stronger the constant field, the larger the magnetization will be. The 
magnetic dipole moment of the sample will create a magnetic field around the sample. 
As the sample is moved up and down, this field is changing as a function of time and 
can be detected by a set of pick-up coils. The alternating magnetic field will cause an 
electric field in the pick-up coils according to Faraday's Law of induction. This current 
will be proportional to the magnetization of the sample. Using controlling and 
monitoring software, the system can tell how much the sample is magnetized and how 
its magnetization depends on the strength of the constant magnetic field [11].  
 The magnetization measurements presented in this thesis were performed by 
Dr. W. R. Branford (Prof. Lesley Cohen’s group), at Imperial College, London, UK. An 
Oxford Instruments vibrating sample magnetometer, t-VSM, was used.  
A.10 Point Contact Andreev Reflection 
 Andreev reflection (AR) is a quasi-particle-to-supercurrent conversion process 
for which electron injection can occur at the interface between a normal metal (NM) 
and a superconductor (SC) [12]. One of the two things must happen to an electron 
when it approaches the NM/SC interface: either it goes through the interface into the 
superconductor or it gets reflected. While a single electron with energy below the 
superconducting gap cannot propagate from the NM into the SC, it also cannot get 
reflected by the usual process in which one component of its momentum (in the 
direction perpendicular to the interface) changes sign (see figure A.6a), as this 
requires a sizeable barrier to reverse the large Fermi momentum of the electron. It is 
possible, however, for the electron to get reflected via the Andreev reflection process, 
often called retro-reflection (see figure A.6b). In such a process the reflected particle 
(the hole) has the opposite charge and spin as the incident particle (the electron) and 
is reflected along the same trajectory as the incident electron (hence retro-reflection). 
This is equivalent to two single electrons with opposite momentum and spin pairing up 
to form a Cooper pair which will travel inside the superconductor. This process is 
elastic as the quasi-particle (excitation) energy is the same for the incident electron 
and the reflected hole. The Andreev reflection process is highly spin dependent - if 
only one spin band is occupied by the conduction electrons in the normal state 
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material (i.e., it is fully spin polarised), Andreev reflection will be inhibited due to 
inability to form a pair in the superconductor and impossibility of single particle 
transmission. In materials where spin polarization exists or may be induced by a 
magnetic field, the strength of the Andreev reflection (and hence conductance of the 
junction) is a function of the spin polarisation in the normal state. 
 
Figure A.6: a) Normal (elastic) reflection is not feasible at NM/SC interface in the absence 
of a sizeable barrier; b) Andreev reflection: a hole is retracing electron's trajectory. 
 The spin dependence of AR gives rise to the Point Contact Andreev Reflection 
(PCAR) spectrometry as a spin polarization measuring technique. In PCAR a narrow 
superconducting tip (often Nb, Sb or Pb) is placed into contact with the metal of 
interest at temperatures below the critical temperature of the tip. By applying a 
voltage to the tip, and measuring differential conductance between it and the sample, 
the spin polarisation of the normal metal at that point may be determined. Injection 
from a metal with Pn = 0 doubles the conductance whereas injection from a half-metal 
with Pn = 1 is completely blocked with zero conductance within the superconductor 
gap. 
 This method offers several advantages compared to the other techniques [12]. 
With no restrictions on the sample geometry, one can avoid complex fabrication steps. 
In addition, it has excellent energy resolution (~1.0 meV), and does not necessarily 
require an applied magnetic field. There are some objective difficulties, such as 
possible surface modification (unless all the measurements are done in situ), due to 
uncontrolled surface oxides, or other chemical reactions on the surface of both the 
SCNM 
a) 
SC NM
b) 
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ferromagnet and the superconductor. The effect of this surface modification on Pn is 
difficult to quantify; however, in many cases the fragile surface oxide layer can be 
penetrated as the point contact is established, thus circumventing this problem. It is 
not always possible to directly compare the PCAR results to the values of the spin 
polarization obtained by other methods where the surface oxidation is better 
controlled, as the definition of the spin polarization measured in different experiments 
do not necessarily coincide [13]. 
 A comprehensive analysis of the PCAR data is nontrivial, especially compared 
with the simple experimental conductance measurement technique. PCAR spectra 
have been typically analyzed using the Blonder-Tinkham-Klapwijk (BTK) model [14]. 
The parameters used in the generalized BTK are the superconducting gap, Δ, the 
effective dimensionless potential barrier at the interface, Z, the degree of polarization, 
Pn, and the generic spectral broadening ωB. In this theory all interface effects are 
described by a single dimensionless parameter Z, which does not necessarily 
correspond to any physical parameter characterizing the interface barrier. Theory does 
not properly take into account some of the delicate surface phenomena, such as the 
presence of surface states and the effects of lattice relaxation. The modified BTK 
formulas, however, were able to satisfactorily describe experimental curves of 
ferromagnetic systems, treating Z as an adjustable parameter, providing an excellent 
description of the same curves. That Z is not the real barrier strength in actual 
measurements is emphasized by the fact that sometimes the BTK model fits 
experimental curves surprisingly well with Z = 0, although formally, there always 
exists some minimal nonzero Z. 
 Point contact Andreev reflection measurements presented in this thesis was 
performed by Dr. K. A. Yates (Prof. Lesley Cohen’s group) at Imperial College, London, 
UK. A mechanically sharpened lead tip was used to contact the films. The obtained 
spectra were fitted using the BTK model [14] modified by Mazin et al. [15] according 
to the fitting procedure previously outlined in ref. [16]. 
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A.11 Resistivity 
 The resistivity of the CrO2 films was also measured at Imperial College, by Dr. 
W. R. Branford, using the Van der Pauw technique. 
 The collinear probe configuration is the most common four-point probe 
arrangement to measure thin film resistivity [17]. However, it is hardly applied to 
samples with irregular contours. The theoretical fundamentals of resistivity 
measurements on irregular shaped samples was developed by Van der Pauw [18;19]. 
This author showed how the specific resistivity of a flat sample of arbitrary shape can 
be measured without knowing the current pattern if the following conditions are met: 
i) the contacts are at the periphery of the sample, ii) the contacts are sufficiently 
small, iii) the sample is uniformly thick, and iv) the surface of the sample is singly 
connected (the sample does not contain any isolated holes). 
 Consider a flat sample of conducting material of arbitrary shape, with contacts 
1, 2, 3 and 4 along its periphery. The resistance Rij,kl is defined by 
=, klij kl
ij
V
R
I
 eq. A.18 
where Iij stands for the current entering the sample through the contact i and leaving 
it through the contact j, and Vkl = Vk - Vl is the voltage difference between the 
contacts k and l. The sheet resistance3 of the sample is given by [18;19]: 
12,34 13,24
s pln(2) 2
R R
R F
π +=  eq. A.19 
where Fp is the Van der Pawn correction factor, which depends only on the 
Rr = R12,34/R13,24 ratio. For our CrO2 samples, Fp ≈ 1 since R12,34 ≈ R13,24 [17]. Therefore, 
the expression used to evaluated the sheet resistance of the films is 
                                          
3 The sheet resistance Rs is a measure of the resistance of thin films that have a uniform 
thickness. It is related with the resistivity by the relation Rs = ρ/dt,  ρ being the resistivity and 
dt the film thickness. 
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12,34 13,24
s ln(2) 2
R R
R
π +=  eq. A.20 
the film resistivity being given by 
s tR dρ =  eq. A.21 
where dt is the film thickness. 
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Appendix B. Hexagonal system notations 
In the hexagonal system, two different notations are commonly used. In the Miller 
notation (3-axis notation), the family of planes is specified by the Miller indices {hkl} 
and all equivalent directions represented by <uvw>. If the direction <uvw> lies in the 
plane {hkl} then hu + kv + lw = 0 (Weiss zone law). In the Miller-Bravais notation (4-
axis notation) the family of planes can be represented by {HKTL} and all equivalent 
directions by <UVTW> where T=-(H+K).  
  
Figure B.1: hexagonal system for a) 3-axis notation and b) 4-axis notation. 
The relations between the 3-axis and 4-axis notations (directions and planes) are: 
Direction <UVTW> to <uvw>:  
u=U-T 
v=V-T 
w=W 
Direction <uvw> to <UVTW>: 
U=(2u-v)/3 
V=(2v-u)/3 
T=-(u+v)/3 
W=w  
Plane {UVTW} to {uvw}: 
u=U 
v=V 
w=W 
Plane {uvw} to {UVTW}: 
U=u 
V=v 
T=-(u+v) 
w=W 
 
a) b) 
Appendix B. Hexagonal notations 
 224 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References - Chapter 1   
 225 
References 
Chapter 1 
[1] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. v. Molnár, M. L. 
Roukes, A. Y. Chtchelkanova and D. M. Treger, "Spintronics: a spin-based 
electronics vision for the future", Science, 294 (2001) 1488. 
[2] W. Thomson, "On the electro-dynamic qualities of metals:-effects of magnetization 
on the electric conductivity of nickel and of iron", Proceedings of the Royal 
Society of London, 8 (1856/1857) 546. 
[3] I. A. Campbell and A. Fert, "Transport properties of ferromagnets", in 
Ferromagnetic Materials, ed. E. P. Wohlfarth, North-Holland, Amsterdam, 3 
(1982) 747. 
[4] M. N. Baibich, J. M. Broto, A. Fert, F. N. V. Dau, F. Petroff, P. Eitenne, G. Creuzet, 
A. Friederich and J. Chazelas, "Giant magnetoresistance of (001)Fe/(001)Cr 
magnetic superlattices", Physical Review Letters, 61 (1988) 2472. 
[5] G. Binasch, P. Grünberg, F. Saurenbach and W. Zinn, "Enhanced 
magnetoresistance in layered magnetic structures with antiferromagnetic 
interlayer exchange", Physical Review B, 39 (1989) 4828. 
[6] C. Chappert, A. Fert and F. N. V. Dau, "The emergence of spin electronics in data 
storage", Nature Materials, 6 (2007) 813. 
[7] S. Datta and B. Das, "Electronic analog of the electro-optic modulator", Applied 
Physics Letters, 56 (1990) 665. 
[8] Y. A. Bychkov and E. I. Rashba, "Properties of a 2D electron gas with lifted 
spectral degeneracy", JETP Letters, 39 (1984) 78. 
[9] B. T. Jonker, S. C. Erwin, A. Petrou and A. G. Petukhov, "Electrical spin injection in 
semiconductor spintronic devices", MRS Bulletin, 28 (2003) 740. 
[10] D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit and R. P. Cowburn, 
"Magnetic domain-wall logic", Science, 309 (2005) 1688. 
[11] J. M. Daughton, "Magnetoelectronic devices", in "Spin Electronics" D. D. 
Awshalom, R. A. Buhrman, J. M. Daughton, S. von Molnár and M. L. Roukes 
(Eds.), Kluwer Academic Publishers, Dordrecht, 2004, p. 619. 
References - Chapter 1 
 
 226 
[12] A. M. Bratkovsky, "Spintronic effects in metallic, semiconductor, metal-oxide and 
metal-semiconductor heterostructures", Reports on Progress in Physics, 71 
(2008) 026502. 
[13] S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M. Samant and S.-
H. Yang, "Giant tunnelling magnetoresistance at room temperature with MgO 
(100) tunnel barriers", Nature Materials, 3 (2004) 868. 
[14] S. Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki and K. Ando, "Giant room-
temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic tunnel 
junctions", Nature Materials, 3 (2004) 868. 
[15] D. J. Monsma and S. S. P. Parkin, "Spin polarization of tunneling current from 
ferromagnet/Al2O3 interfaces using copper-doped aluminum superconducting 
films", Applied Physics Letters, 77 (2000) 720. 
[16] M. Ziese, "Extrinsic magnetotransport phenomena in ferromagnetic oxides", 
Reports on Progress in Physics, 65 (2002) 143. 
[17] R. A. de Groot, F. M. Mueller, P. G. v. Engen and K. H. J. Buschow, "New class of 
materials: half-metallic ferromagnets", Physical Review Letters, 50 (1983) 2024. 
[18] J. M. D. Coey and C. L. Chien, "Half-metallic ferromagnetic oxides", MRS Bulletin, 
28 (2003) 720. 
[19] J. M. D. Coey and M. Venkatesan, "Half-metallic ferromagnetism: Example of 
CrO2 (invited)", Journal of Applied Physics, 91 (2002) 8345. 
[20] R. J. Soulen, J. M. Byers, M. S. Osofsky, B. Nadgorny, T. Ambrose, S. F. Cheng, 
P. R. Broussard, C. T. Tanaka, J. Nowak, J. S. Moodera, A. Barry and J. M. D. 
Coey, "Measuring the spin polarization of a metal with a superconducting point 
contact", Science, 282 (1998) 85. 
[21] R. J. Soulen, M. S. Osofsky, B. Nadgomy, T. Ambrose, P. R. Broussard, M. 
Rubinstein, J. Byers, C. T. Tanaka, J. Nowack, J. S. Moodera, G. Laprade, A. 
Barry, M. D. Coey, Y. M. Mukovskii, D. Shulyatev and A. Arsenov, "Conduction 
across the interface between a superconductor and a spin polarized metal", IEEE 
Transactions on Applied Superconductivity, 9 (1999) 3636. 
[22] W. R. Branford, S. B. Roy, S. K. Clowes, Y. Miyoshi, Y. V. Bugoslavsky, S. 
Gardelis, J. Giapintzakis and L. F. Cohen, "Spin polarisation and anomalous Hall 
effect in NiMnSb films", Journal of Magnetism and Magnetic Materials, 272-276 
(2004) e1399. 
[23] Y. Miyoshi, Y. Bugoslavsky, M. H. Syed, T. Robinson, L. F. Cohen, L. J. Singh, Z. 
H. Barber, C. E. A. Grigorescu, S. Gardelis, J. Giapintzakis and W. V. Roy, 
"Comparison of free surface polarization of NiMnSb and Co2MnSi", Applied 
Physics Letters, 88 (2006) 142512. 
References - Chapter 1   
 227 
[24] Y. Bugoslavsky, Y. Miyoshi, S. K. Clowes, W. R. Branford, M. Lake, I. Brown, A. 
D. Caplin and L. F. Cohen, "Possibilities and limitations of point-contact 
spectroscopy for measurements of spin polarization", Physical Review B, 71 
(2005) 104523. 
[25] P. M. Sousa, S. A. Dias, A. J. Silvestre, O. Conde, B. Morris, K. A. Yates, W. R. 
Branford and L. F. Cohen, "CVD of CrO2: towards a lower temperature deposition 
process", Chemical Vapor Deposition, 12 (2006) 712. 
[26] A. Anguelouch, A. Gupta, G. Xiao, D. W. Abraham, Y. Ji, S. Ingvarsson and C. L. 
Chien, "Near-complete spin polarization in atomically-smooth chromium-dioxide 
epitaxial films prepared using a CVD liquid precursor ", Physical Review B, 64 
(2001) 180408R-1-3. 
[27] K. A. Yates, W. R. Branford, F. Magnus, Y. Miyoshi, B. Morris, L. F. Cohen, P. M. 
Sousa, O. Conde and A. J. Silvestre, "The spin polarization of CrO2 revisited", 
Applied Physics Letters, 91 (2007) 172504. 
[28] K. P. Kämper, W. Schmitt and G. Güntherodt, "CrO2 - a new half-metallic 
ferromagnet", Physical Review Letters, 59 (1987) 2788. 
[29] J. J. Attema, G. A. Eijs and R. A. d. Groot, "The continuing drama of the half-
metal/semiconductor interface", Journal of Physics D: Applied Physics, 39 (2006) 
793. 
[30] H. van Leuken and R. A. de Groot, "Electronic structure of the chromium dioxide 
(001) surface", Physical Review B, 51 (1995) 7176. 
[31] G. Schmidt and L. W. Molenkamp, "Spin injection into semiconductors, physics 
and experiments", Semiconductor Science and Technology, 17 (2002) 310. 
[32] E. I. Rashba, "Theory of electrical spin injection: Tunnel contacts as a solution of 
the conductivity mismatch problem", Physical Review B, 62 (2000) R16267. 
[33] J. M. D. Coey, A. E. Berkowitz, L. Balcells and F. F. Putris, "Magnetoresistance of 
chromium dioxide powder compacts", Physical Review Letters, 80 (1998) 3815. 
[34] H. Y. Hwang and S.-W. Cheong, "Enhanced intergrain tunneling 
magnetoresistance in half-metallic CrO2 films", Science, 278 (1997) 1607. 
[35] J. Dai, J. Tang, H. Xu, L. Spinu, W. Wang, K. Wang, A. Kumbhar, M. Li and U. 
Diebold, "Characterization of the natural barriers ot intergranular tunnel 
junctions: Cr2O3 surface layers on CrO2 nanoparticles", Applied Physics Letters, 
77 (2000) 2840. 
[36] J. Wang, P. Che, J. Feng, M. Lu, J. Liu, J. Meng, Y. Hong and J. Tang, "A large 
low-field tunneling magnetoresistance of CrO2/(CrO2/Cr2O3) powder compact 
with two coercivities", Journal of Applied Physics, 97 (2005) 073907. 
References - Chapter 1 
 
 228 
[37] N. Pilet, C. Borca, A. Sokolov, E. Ovtchenkov, B. Xu and B. Doudin, "Interface 
composition and electronic properties of chromium (III, IV) oxides junctions", 
Materials Letters, 58 (2004) 2016. 
[38] A. Barry, J. M. D. Coey and M. Viret, "A CrO2-based magnetic tunnel junction", 
Journal of Physics: Condensed Matter, 12 (2000) L173. 
[39] R. S. Keizer, S. T. B. Goennenwein, T. M. Klapwijk, G. Miao, G. Xiao and A. 
Gupta, "A spin triplet supercurrent through the half-metallic ferromagnet CrO2", 
Nature, 439 (2006) 825. 
[40] R. M. Stroud, A. T. Hanbicki, Y. D. Park, G. Kioseoglou, A. G. Petukhov and B. T. 
Jonker, "Reduction of spin injection efficiency by interface defect spin scattering 
in ZnMnSe/AlGaAs-GaAs spin-polarized light-emitting diodes", Physical Review 
Letters, 89 (2002) 166602-1. 
Chapter 2 
[1] B. L. Chamberland, "The chemical and physical properties of CrO2 and tetravalent 
chromium oxide derivatives", CRC Critical Reviews in Solid State and Materials 
Sciences, 7 (1977) 1. 
[2] D. R. Lide (editor), "CRC handbook of chemistry and physics 78th edition", CRC 
Press, New York, USA, 1997. 
[3] M. A. K. L. Dissanayake and L. L. Chase, "Optical properties of CrO2, MoO2, and 
WO2 in the range  0.2-6 eV", Physical Review B, 18 (1978) 6872. 
[4] J. M. D. Coey and M. Venkatesan, "Half-metallic ferromagnetism: Example of CrO2 
(invited)", Journal of Applied Physics, 91 (2002) 8345. 
[5] W. H. Baur and A. A. Khan, "Rutile-type compounds. VI. SiO2, GeO2 and a 
comparison with other rutile type structures", Acta Crystallographica, B27 (1971) 
2133. 
[6] J. K. Burdett, G. J. Miller, J. W. R. Jr. and J. V. Smith, "Low-temperature neutron 
powder diffraction study of CrO2 and the validity of the Jahn-Teller viewpoint", 
Journal of the American Chemical Society, 110 (1988) 8064. 
[7] K. Siratori and S. Iida, "Anomalous temperature dependence of lattice constant of 
CrO2", Journal of the Physical Society of Japan, 15 (1960) 2362. 
[8] "The powder Diffraction File", JCPDS International Centre for Diffraction Data, 
1992. 
[9] A. Barry, J. M. D. Coey, L. Ranno and K. Ounadjela, "Evidence for a gap in the 
excitation spectrum of CrO2", Journal of Applied Physics, 83 (1998) 60. 
2
References - Chapter 1   
 229 
[10] T. Tsujioka, T. Mizokawa, J. Okamoto, A. Fujimori, M. Nohara, H. Takagi, K. 
Yamaura and M. Takano, "Hubbard splitting and electron correlation in the 
ferromagnetic metal CrO2", Physical Review B - Condensed Matter, 56 (1997) 
R15509. 
[11] S. P. Lewis, P. B. Allen and T. Sasaki, "Band structure and transport properties of 
CrO2", Physical Review B, 55 (1997) 10253. 
[12] L. L. Chase, "Optical properties of CrO2 and MoO2 from 0.1 to 6 eV", Physical 
Review B, 10 (1974) 2226. 
[13] E. J. Singley, C. P. Weber, D. N. Basov, A. Barry and J. M. D. Coey, "Charge 
dynamics in the half-metallic ferromagnet CrO2", Physical Review B, 60 (1999) 
4126. 
[14] R. Yamamoto, Y. Moritomo and A. Nakamura, "Electronic structure of half-
metallic CrO2", Physical Review B, 61 (2000) 5062. 
[15] J. Dai, J. Tang, H. Xu, L. Spinu, W. Wang, K. Wang, A. Kumbhar, M. Li and U. 
Diebold, "Characterization of the natural barriers ot intergranular tunnel 
junctions: Cr2O3 surface layers on CrO2 nanoparticles", Applied Physics Letters, 
77 (2000) 2840. 
[16] R. Cheng, B. Xu, C. N. Borca, A. Sokolov, C.-S. Yang, L. Yang, L. Yuan, S.-H. 
Liou, B. Doudin and P. A. Dowben, "Characterization of the native Cr2O3 oxide 
surface of CrO2", Applied Physics Letters, 79 (2001) 3122. 
[17] J. M. D. Coey, A. E. Berkowitz, L. Balcells and F. F. Putris, "Magnetoresistance of 
chromium dioxide powder compacts", Physical Review Letters, 80 (1998) 3815. 
[18] N. Pilet, C. Borca, A. Sokolov, E. Ovtchenkov, B. Xu and B. Doudin, "Interface 
composition and electronic properties of chromium (III, IV) oxides junctions", 
Materials Letters, 58 (2004) 2016. 
[19] H. v. Leuken and R. A. d. Groot, "Electronic structure of the chromium dioxide 
(001) surface", Physical Review B, 51 (1995) 7176. 
[20] C. A. Ventrice, D. R. Borst, H. Geisler, J. v. Ek, Y. B. Losovyj, P. S. Robbert, U. 
Diebold, J. A. Rodriguez, G. X. Miao and A. Gupta, "Are the surfaces of CrO2 
metallic?" Journal of Physics: Condensed Matter, 19 (2007) 315207. 
[21] H. Mandar, T. Uustare, J. Aarik, A. Tarre and A. Rosental, "Characterization of 
asymmetric rhombohedral twin in epitaxial α-Cr2O3 thin films by X-ray and 
electron diffraction", Thin Solid Films, 515 (2007) 4570. 
[22] T. Yu, Z. X. Shen, J. He, W. X. Sun, S. H. Tang and J. Y. Lin, "Phase control of 
chromium oxide in selective microregions by laser annealing", Journal of Applied 
Physics, 93 (2003) 3951. 
2
References - Chapter 1 
 
 230 
[23] S. A. Makhlouf, "Magnetic properties of Cr2O3 nanoparticles", Journal of 
Magnetism and Magnetic Materials, 272-276 (2004) 1530. 
[24] U. Balachandran, R. W. Siegel, Y. X. Liao and T. R. Askew, "Synthesis, sintering, 
and magnetic properties of nanophase Cr2O3", NanoStructured Materials, 5 
(1995) 505. 
[25] R. E. Newnham and Y. M. d. Haan, "Refinement of the alpha Al2O3, Ti2O3, V2O3 
and Cr2O3 structures", Zeitschrift fur Kristallographie, 117 (1962) 235. 
[26] A. L. Ji, W. Wang, G. H. Song, Q. M. Wang, C. Sun and L. S. Wen, 
"Microstructures and mechanical properties of chromium oxide films by arc ion 
plating", Materials Letters, 58 (2004) 1993. 
[27] T. Maruyama and H. Akagi, "Chromium oxide thin films prepared by chemical 
vapor deposition from chromium acetylacetonate and chromium hexacarbonyl", 
Journal of The Electrochemical Society, 143 (1996) 1955. 
[28] T. Ivanova, M. Surtchev and K. Gesheva, "Characterization of CVD chromium 
oxide thin films", Physica Status Solidi (a), 184 (2001) 507. 
[29] R. Cheng, T. Komesu, H.-K. Jeong, L. Yuana, S.-H. Lioua, B. Doudin, P. A. 
Dowben and Y. B. Losovyj, "Temperature dependent induced spin polarization in 
Cr2O3 overlayers on epitaxial CrO2 films", Physics Letters A, 302 (2002) 211. 
[30] A. M. Bratkovsky, "Tunneling of electrons in conventional and half-metallic 
systems: towards very large magnetoresistance", Physical Review B, 56 (1997) 
2344. 
[31] B. M. Weckhuysen and I. E. Wachs, "In Situ Raman Spectroscopy of supported 
chromium oxide catalyst: reactivity studies with methanol and butane", Journal 
of Physical Chemistry, 100 (1996) 14437. 
[32] S. Myllyoja and T. A. Pakkanen, "Deposition of chromium hexacarbonyl on 
alumina in a fluidized bed reactor", Journal of Molecular Catalysis A: Chemical, 
136 (1998) 153. 
[33] P. G. Harrison, N. C. Lloyd and W. Daniell, "The nature of the chromium species 
formed during the thermal activation of chromium-promoted tin (IV) oxide 
catalysis: an EPR study", Journal of Physical Chemistry B, 102 (1998) 10672. 
[34] J. A. Cline, A. A. Rigos and T. A. Arias, "Ab initio study of magnetic structure and 
chemical reactivity of Cr2O3 and its (0001) surface", Journal of Physical 
Chemistry B, 104 (2000) 6195. 
[35] H. Y. Hwang and S.-W. Cheong, "Enhanced intergrain tunneling 
magnetoresistance in half-metallic CrO2 films", Science, 278 (1997) 1607. 
[36] A. Barry, J. M. D. Coey and M. Viret, "A CrO2-based magnetic tunnel junction", 
Journal of Physics: Condensed Matter, 12 (2000) L173. 
2
References - Chapter 1   
 231 
[37] J. Wang, P. Che, J. Feng, M. Lu, J. Liu, J. Meng, Y. Hong and J. Tang, "A large 
low-field tunneling magnetoresistance of CrO2/(CrO2/Cr2O3) powder compact 
with two coercivities", Journal of Applied Physics, 97 (2005) 073907. 
[38] R. Cheng, C. N. Borca, N. Pilet, B. Xu, B. Doudin, S. H. Liou and P. A. Dowben, 
"Oxidation of metals at the chromium oxide interface", Applied Physics Letters, 
81 (2002) 2109. 
[39] A. Gupta, X. W. Li and G. Xiao, "Inverse magnetoresistance in chromium-dioxide-
based magnetic tunnel junctions", Applied Physics Letters, 78 (2001) 1894. 
[40] F. M. F. d. Groot, M. Grioni, J. C. Fuggle, J. Ghijsen, G. A. Sawatzky and H. 
Peterson, "Oxygen 1s x-ray-absorption edges of transition-metal oxides ", 
Physical Review B, 40 (1989) 5715. 
[41] F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemistry", Wiley Press, 5th 
edition, New York, USA, 1988. 
[42] L. Ranno, A. Barry and J. M. D. Coey, "Production and magnetotransport 
properties of CrO2 films", Journal of Applied Physics, 81 (1997) 5774. 
[43] Y. Shibasaki, F. Kanamaru, M. Koizumi and S. Kume, "CrO2-Cr2O3 phase 
boundary under high O2 pressures", Journal of the American Chemical Society, 
56 (1973) 248. 
[44] B. Kubota, "Decomposition of higher oxides of chromium under various pressures 
of oxygen ", Journal of the American Ceramic Society, 44 (1960) 239. 
[45] T. J. Swoboda, P. A. Jr., N. L. Cox, J. N. Ingraham, A. L. Oppegard and M. S. 
Sadler, "Synthesis and properties of ferromagnetic chromium oxide ", Journal of 
Applied Physics, 32 (1961) 374S. 
[46] K. J. DeVreis, Naturwissenschaften, 54 (1967) 563. 
[47] K. A. Wilhelmi, "Formation of chromium oxides in the Cr2O3-CrO3 region at 
elevated pressures up to 4 kilobar", Acta Chemica Scandinavica, 22 (1968) 
2565. 
[48] P. G. Ivanov, S. M. Watts and D. M. Lind, "Epitaxial growth of CrO2 thin films by 
chemical-vapor deposition from Cr8O21 precursor", Journal of Applied Physics, 89 
(2001) 1035. 
[49] K. Ramesha and J. Gopalakrishnan, "A new method for the synthesis of 
chromium (IV) oxide at ambient pressure", Chemical Communications, (1999) 
1173. 
[50] R. G. Egdell, E. Brand and D. Kellett, "Magnetic properties of CrO2 prepared by an 
ambient pressure TiO2 support assisted synthesis", Journal of Materials 
Chemistry, 9 (1999) 2717. 
2 
References - Chapter 1 
 
 232 
[51] N. J. C. Ingle, R. H. Hammond and M. R. Beasley, "Growth of the Cr oxides via 
activated oxigen reactive molecular beam epitaxy: comparison of the Mo and W 
oxides", Journal of Applied Physics, 89 (2001) 4631. 
[52] M. Rabe, J. Dreβen, D. Dahmen, J. Pommer, H. Stahl, U. Rüdiger, G. Güntherodt, 
S. Senz and D. Hesse, "Preparation and characterization of thin ferromagnetic 
CrO2 films for applications in magnetoelectronics", Journal of Magnetism and 
Magnetic Materials, 211 (2000) 314. 
[53] D. Stanoi, G. Socol, C. Grigorescu, F. Guinneton, O. Monnereau, L. Tortet, T. 
Zhang and I. N. Mihailescu, "Chromium oxides thin films prepared and coated in 
situ with gold by pulsed laser deposition", Materials Science and Engineering B, 
118 (2005) 74. 
[54] N. Popovici, M. L. Paramês, R. C. D. Silva, O. Monnereau, P. M. Sousa, A. J. 
Silvestre and O. Conde, "KrF pulsed laser deposition of chromium oxide thin films 
from Cr8O21 targets", Applied Physics A, 79 (2004) 1409. 
[55] M. Shima, T. Tepper and C. A. Ross, "Magnetic properties of chromium oxide and 
iron oxide films produced by pulsed laser deposition", Journal of Applied Physics, 
91 (2002) 7920. 
[56] N. Heiman and N. S. Kazama, "Amorphous transition metal oxide films", Journal 
of Applied Physics, 50 (1979) 7633. 
[57] S. Ishibashi, T. Namikawa and M. Satou, "Epitaxial growth of CrO2 on sapphire in 
air", Japanese Journal of Applied Physics, 17 (1978) 249. 
[58] S. Ishibashi, T. Namikawa and M. Satou, "Epitaxial growth of ferromagnetic CrO2 
films in air", Materials Research Bulletin, 14 (1979) 51. 
[59] S. M. Watts, "Magnetotransport in half-metallic ferromagnetic oxides", Ph.D. 
Thesis, The Florida State University College of Arts and Sciences, Tallahassee, 
Florida, 2002. 
[60] P. G. Ivanov, "Epitaxial films of chromium dioxide from a new precursor (Cr8O21) 
and research on their application in spin-electronic devices ", Ph.D. Thesis, The 
Florida State University College of Arts and Sciences, Tallahassee, Florida, 2002. 
[61] P. Norby, A. N. Christensen, H. Fjellvåg and M. Nielsen, "The crystal structure of 
Cr8O21 determined from powder diffraction data: Thermal transformation and 
magnetic properties of a chromium-chromate-tetrachromate", Journal of Solid 
State Chemistry, 94 (1991) 281. 
[62] W. J. DeSisto, P. R. Broussard, T. F. Ambrose, B. E. Nadgorny and M. S. Osofsky, 
"Highly spin-polarized chromium dioxide thin films prepared by chemical vapor 
deposition from chromyl chloride", Applied Physics Letters, 76 (2000) 3789. 
2
References - Chapter 1   
 233 
[63] A. Anguelouch, A. Gupta, G. Xiao, D. W. Abraham, Y. Ji, S. Ingvarsson and C. L. 
Chien, "Near-complete spin polarization in atomically-smooth chromium-dioxide 
epitaxial films prepared using a CVD liquid precursor ", Physical Review B, 64 
(2001) 180408R-1-3. 
[64] Y.-N. Cho and W. J. DeSisto, "Phase-selective CVD of chromium oxides from 
chromyl chloride", Chemical Vapor Deposition, 9 (2003) 121. 
[65] P. A. Stampe, R. J. Kennedy, S. M. Watts and S. v. Molnár, "Strain effects in thin 
films of CrO2 on rutile and sapphire substrates", Journal of Applied Physics, 89 
(2001) 7696. 
[66] X. L. Li, A. Gupta and G. Xiao, "Influence of strain on the magnetic properties of 
epitaxial (100) chromium dioxide (CrO2)", Applied Physics Letters, 75 (1999) 
713. 
[67] K. Suzuki and P. M. Tedrow, "Selective deposition of CrO2 films on glass 
substrates", Solid State Communications, 107 (1998) 583. 
[68] K. Suzuki and P. M. Tedrow, "Resistivity and magnetotransport in CrO2 films", 
Physical Review B, 58 (1998) 11597. 
[69] J.-J. Liang, S. F. Lee, Y. D. Yao, C. C. Wu, S. G. Shyu and C. Yu, 
"Magnetotransport study of granular chromium oxide thin films prepared by the 
chemical vapor deposition technique", Journal of Magnetism and Magnetic 
Materials, 239 (2002) 213. 
[70] S. J. Liu, J. Y. Juang, K. H. Wu, T. M. Uen, Y. S. Gou and J.-Y. Lin, "Transport 
properties of CrO2 (110) films grown on TiO2 buffered Si substrates by chemical 
vapor deposition", Applied Physics Letters, 80 (2002) 4202. 
[71] Y. S. Dedkov, M. Fonine, C. König, U. Rüdiger and G. Güntherodt, "Room-
temperature observation of high-spin polarization of epitaxial CrO2 (100) island 
films at the Fermi energy", Applied Physics Letters, 80 (2002) 4181. 
[72] U. Rüdiger, M. Rabe, K. Samm, B. Özyilmaz, J. Pommer, M. Fraune, G. 
Güntherodt, S. Senz and D. Hesse, "Extrinsic and intrinsic magnetoresistance 
contribuitions of CrO2 thin films", Journal of Applied Physics, 89 (2001) 7699. 
[73] M. Rabe, J. Pommer, K. Samm, B. Özyilmaz, C. König, M. Fraune, U. Rüdiger, G. 
Güntherodt, S. Senz and D. Hesse, "Growth and magnetotransport study of thin 
ferromagnetic CrO2 films", Journal of Physics: Condensed Matter, 14 (2002) 7. 
[74] A. Gupta, X. W. Li, S. Guha and G. Xiao, "Selective-area and lateral overgrowth 
of chromium dioxide (CrO2) films by chemical vapor deposition", Applied Physics 
Letters, 75 (1999) 2996. 
2
References - Chapter 1 
 
 234 
[75] X. W. Li, A. Gupta, T. R. McGuire, P. R. Duncombe and G. Xiao, 
"Magnetoresistance and Hall effect of chromium dioxide epitaxial thin films", 
Journal of Applied Physics, 85 (1999) 5585. 
[76] P. A. Dowben, Y. G. Kim, S. Baral-Tosh, G. O. Ramseyer, C. Hwang and M. 
Onellion, "Fabrication of ferromagnetic and antiferromagnetic chromium oxides 
by organometallic chemical vapor deposition", Journal of Applied Physics, 67 
(1990) 5658. 
[77] R. Cheng, C. N. Borca, P. A. Dowben, S. Stadler and Y. U. Idzerda, "Potential 
phase control of chromium oxide thin films prepared by laser-initiated 
organometallic chemical vapor deposition", Applied Physics Letters, 78 (2001) 
521. 
[78] F. K. Perkins, C. Hwang, M. Onellion, Y.-G. Kim and P. A. Dowben, "Chromium 
films fabricated by Cr(CO)6 chemical vapor deposition", Thin Solid Films, 198 
(1998) 317. 
[79] R. Cheng, C. N. Borca and P. A. Dowben, "Selective chemical vapor deposition of 
chromium oxides", Materials Research Society Symposium Proceedings, 614 
(2000) 1041. 
[80] R. Solanki, P. K. Boyer and G. J. Collins, "Low-temperature refractory metal film 
deposition", Applied Physics Letters, 41 (1982) 1048. 
[81] D. K. Flynn, J. I. Steinfeld and D. S. Sethi, "Deposition of refractory metal films 
by rare-gas halide laser photodissociation of metal carbonyls", Journal of Applied 
Physics, 59 (1986) 3914. 
Chapter 3 
[1] H. O. Pierson, "Handbook of chemical vapor deposition", Noyes Publications, New 
Jersey, USA, 1992. 
[2] M. Ohring, "The materials science of thin films", Academic Press, Inc., London, UK, 
1992. 
[3] O. Conde and A. J. Silvestre, "Laser-assisted deposition of thin films from 
photoexcited vapour phases", Applied Physics A, 79 (2004) 489. 
[4] K. L. Choy, "Chemical vapour deposition of coatings", Progress in Materials 
Science, 48 (2003) 57. 
[5] J. S. D. Lodyguine, "Illuminant for incandescent lamps", US patent number 
575002, (1893)  
3 
References - Chapter 1   
 235 
[6] I. Levine, "Physical chemistry", McGraw-Hill Education, 4th edition, New York, USA, 
1994. 
[7] "JANAF tables", (NIST) National Institute of Standards and Technology, 2005. 
[8] S. Lee, "Encyclopedia of chemical processing - vol. 1", Marcel Dekker, 2nd edition, 
New York, USA, 2005. 
[9] R. B. Bird, W. Stewart and E. N. Lightfoot, "Transport phenomena", John Wiley & 
Sons, Inc., New York, USA, 1960. 
[10] J. Mazumder and A. Kar, "Theory and application of laser chemical vapor 
deposition (lasers, photonics, and electro-optics)", Plenum Press, London, UK, 
1995. 
[11] K. J. Laidler, "The mechanism of processes initiated by excited atoms II. 
Photosensitization by excited mercury and cadmium", Journal of Chemical 
Physics, 10 (1942) 43. 
[12] Y. Rytz-Froidevaux, "Laser generated microstructures", Applied Physics A, 37 
(1985) 121. 
[13] D. Bäuerle, "Laser processing and chemistry", 3rd edition, Springer, Berlim, 
Germany, 2000. 
[14] A. J. Silvestre, M. L. G. Ferreira and O. Conde, "Investigation of the 
microstructure, chemical composition and lateral growth kinetics of TiN films 
deposited by LCVD", Thin Solid Films, 241 (1994) 57. 
[15] J. C. Oliveira and O. Conde, "Deposition of boron carbide by laser CVD: a 
comparison with thermodynamic predictions", Thin Solid Films, 307 (1997) 29. 
[16] O. Lehmann and M. Stuke, "Generation of three-dimensional free-standing metal 
micro-objects by Laser Chemical processing", Appled Physics A, 53 (1991) 343. 
[17] M. M. Windsor and A. A. Blanchard, "The vapor pressure and molecular weight of 
chromium carbonyl", Journal of the American Chemical Society, 56 (1934) 823. 
[18] G. W. Tyndall and R. L. Jackson, "Photodissociation of Cr(CO)6 in a molecular 
beam at 248 nm: observation of primary and secondary photoproducts by mass 
spectrometry ", Journal of Chemical Physics, 91 (1989) 2881. 
[19] D. R. Lide (editor), "CRC handbook of chemistry and physics 78th edition", CRC 
Press, New York, USA, 1997. 
[20] A. Whitaker and J. W. Jeffery, "The crystal structure of chromium hexacarbonyl", 
Acta Crystallographica, 23 (1967) 977. 
[21] R. L. Jackson and G. W. Tyndall, "Kinetics and mechanism of laser-induced 
photochemical deposition from the group 6 hexacarbonyls", Journal of Applied 
Physics, 64 (1988) 2092. 
3 
References - Chapter 1 
 
 236 
[22] R. Menzel, "Photonics - Linear and nonlinear interactions of laser light and 
matter", Springer, 2nd edition, Berlin, Germany, 2006. 
[23] T. M. Mayer, G. J. Fisanick and T. S. Eichelberger (IV), "Deposition of chromium 
films by multiphoton dissociation of chromium hexacarbonyl", Journal of Applied 
Physics, 53 (1982) 8462. 
[24] D. K. Flynn, J. I. Steinfeld and D. S. Sethi, "Deposition of refractory metal films 
by rare-gas halide laser photodissociation of metal carbonyls", Journal of Applied 
Physics, 59 (1986) 3914. 
[25] R. T. Lundquist and M. Cais, "Ultraviolet spectra of organometallic compounds", 
Journal of Organic Chemistry, 27 (1962) 1167. 
[26] M. Rothschild "Spectroscopy and photochemistry of gases, adsorbates, and 
liquids" in "Laser Microfabrication: thin film processes and lithography", D. J. 
Ehrlich and J. Y. Tsao (Eds.), Academic Press, inc., London, UK, 1989, p. 163. 
[27] J. M. Parnis, S. A. Mitchell and P. A. Hackett, "Transition metal atom reaction 
kinetics in the gas phase: association and oxidation reactions of 7S3 chromium 
atoms", Journal of Physical Chemistry, 94 (1990) 8152. 
[28] G. W. Tyndall and R. L. Jackson, "UV multiple-photon dissociation of Cr(CO)6 to 
Cr* and CO: evidence for direct and sequential dissociation processes", Journal 
of the American Chemical Society, 109 (1987) 582. 
[29] J. G. Eden, "Photochemical Vapor Deposition", John Wiley & Sons, inc., New York, 
USA, 1992. 
[30] A. Jenouvrier, M.-F. Mérienne, B. Coquart, M. Carleer, S. Fally, A. C. Vandaele, C. 
Hermans and R. Colin, "Fourier transform spectroscopy of the O2 Herzberg bands 
I. Rotational analysis", Journal of Molecular Spectroscopy, 198 (1999) 136. 
[31] W. B. DeMore, S. P. Sander, D. M. Golden, R. F. Hampson, R. E. Huie, M. J. 
Kurylo, C. J. Howard, A. R. Ravishankara, C. J. Kolb and M. J. Molina, "Chemical 
Kinetic and Photochemical Data for Use in Stratospheric Modeling: Evaluation No. 
12 of the NASA Panel for Data Evaluation", JPL Publication, 97-4 (April) 1997. 
[32] A. S. Narayan, A. G. Slavejkov and A. Fontijn, "The metals-htp technique: 
kinetics of the Cr/O2/Ar reaction system from 290 to 1510 K", 24 Symposium 
(international) on Combustion, (1992) 727. 
[33] M. J. Almond and M. Hahne, "Formation of molecular chromium (IV) oxide (CrO2) 
by photolysis of Cr(CO)6 on O2-doped argon matrices", Journal of the Chemical 
Society Dalton Transactions, (1988) 2255. 
[34] F. K. Perkins, C. Hwang, M. Onellion, Y.-G. Kim and P. A. Dowben, "Chromium 
films fabricated by Cr(CO)6 chemical vapor deposition", Thin Solid Films, 198 
(1998) 317. 
3 
References - Chapter 1   
 237 
[35] P. Liu, W. L. Smith, H. Lotem, J. H. Bechtel, N. Bloembergen and R. S. Adhav, 
"Absolute two-photon absorption coefficients at 355 and 266 nm", Physical 
Review B, 17 (1978) 4620. 
[36] M. J. Webber, "Handbook of laser science and technology", vol. IV, CRC, Baton 
Rouge, USA, 1996. 
[37] L. Pauling and S. B. Hendricks, "The crystal structure of Hematite and 
Corundum", Journal of the American Chemical Society, 47 (1925) 781. 
[38] Crystran, LTD, http://www.crystran.co.uk/index.asp. 
[39] "The powder Diffraction File", JCPDS International Centre for Diffraction Data, 
1992. 
[40] Marktech Optoelectronics, http://www.marktechopto.com/. 
[41] W. W. Duley, "UV lasers: effects and applications in materials science", 
Cambridge University Press, Cambridge, UK, 1996. 
[42] L. D. Laude, K. Kolev, M. Brunel and P. Deleter, "Surface properties of excimer-
laser-irradiated sintered alumina", Applied Surface Science, 86 (1995) 368. 
[43] V. N. Tokarev, W. Marine, C. Prat and M. Sentis, ""Clean" processing of polymers 
and smoothing of ceramics by pulsed laser melting", Journal of Applied Physics, 
77 (1995) 4714. 
[44] R. H. French, H. Mullenjans and D. Jones, "Optical properties of aluminium oxide: 
determined from vacuum ultraviolet and electron energy-loss spectroscopies ", 
Journal of the American Ceramic Society, 81 (1998) 2549. 
[45] "The practical Application of Light", Melles Griot catalog X, Huntingdon, UK, 2006. 
[46] A. J. Pedraza, "Interaction of UV laser light with wide band gap materials: 
mechanims and effects", Nuclear Instruments and Methods in Physics Research 
B, 141 (1998) 709. 
[47] J. Ihlemann and B. Wolff-Rottke, "Excimer laser micro machining of inorganic 
dielectrics", Applied Surface Science, 106 (1996) 282. 
[48] R. W. Dreyfus, R. Kelly and R. E. Walkup, "Laser-induced fluorescence studies of 
excimer laser ablation of Al2O3", Applied Physics Letters, 49 (1986) 1478. 
[49] X.-G. Wang, A. Chaka and M. Scheffler, "Effect of the environment on the α-Al2O3 
(0001) surface structure", Physical Review Letters, 84 (2000) 3650. 
[50] J. Ahn and J. W. Rabalais, "Composition and structure of Al2O3 {0001}-(1×1) 
surface", Surface Science, 388 (1997) 121. 
[51] A. Marmier and S. C. Parker, "Ab inition morphology and surface thermodynamics 
of α-Al2O3", Physical Review B, 69 (2004) 115409. 
3 
References - Chapter 1 
 
 238 
[52] I. M. Baibich, F. Stedile, I. J. R. Baumvol, J. H. Z. d. Santos and V. E. Santarosa, 
"Study of metal coverage on alumina from group-6 metal carbonyl precursors", 
Physica Status Solidi (b), 192 (1995) 519. 
[53] V. M. Bermudez and W. J. De Sisto, "Study of chromium oxide film growth by 
chemical vapor deposition using infrared reflection absorption spectroscopy", 
Journal of Vacuum Science Technology A, 19 (2001) 576. 
[54] R. Solanki, P. K. Boyer and G. J. Collins, "Low-temperature refractory metal film 
deposition", Applied Physics Letters, 41 (1982) 1048. 
[55] K. A. Singmaster, F. A. Houle and R. J. Wilson, "Origin of contaminants in 
photochemically deposited chromium films", Applied Physics Letters, 53 (1988) 
1048. 
[56] K. A. Singmaster, F. A. Houle and R. J. Wilson, "Mechanisms of contamination in 
photochemical deposition of thin metal films", Laser/Optical Processing of 
Electronic Materials, 1190 (1989) 152. 
[57] K. A. Singmaster, F. A. Houle and R. J. Wilson, "Photochemical deposition of thin 
films from the metal hexacarbonyls", Journal of Physical Chemistry, 94 (1990) 
6864. 
[58] F. A. Houle and K. A. Singmaster, "Visible laser-induced nucleation and growth of 
Cr, Mo, and W films from the hexacarbonyls. Reactivity of CO on film surfaces", 
Journal of Physical Chemistry, 96 (1992) 10425. 
[59] R. Cheng, C. N. Borca, P. A. Dowben, S. Stadler and Y. U. Idzerda, "Potential 
phase control of chromium oxide thin films prepared by laser-initiated 
organometallic chemical vapor deposition", Applied Physics Letters, 78 (2001) 
521. 
Chapter 4 
[1] D. L. Andrews, "Lasers in chemistry", Springer-Verlag, Berlin, Germany, 1990. 
[2] W. Tumas, B. Gitlin, A. M. Rosan and J. T. Yardley, "Olefin rearrangement resulting 
from the gas-phase KrF laser photolysis of Cr(CO)6", Journal of the American 
Chemical Society, 104 (1982) 55. 
[3] M. M. Windsor and A. A. Blanchard, "The vapor pressure and molecular weight of 
chromium carbonyl", Journal of the American Chemical Society, 56 (1934) 823. 
[4] C. Vahlas, B. Caussat, F. Senocq, W. L. Gladfelter, L. Aloui and T. Moersch, "A 
delivery system for precursor vapors based on sublimation in a fluidized bed", 
Chemical Vapor Deposition, 13 (2007) 123. 
4
References - Chapter 1   
 239 
[5] A. Chambers, R. K. Fitch and B. S. Halliday, "Basic Vacuum Technology", Adam 
Hilger, Bristol, UK, 1989. 
[6] A. M. C. Moutinho, M. E. F. Silva and A. A. Cunha, "Tecnologia de vácuo", Ed. 
Universidade Nova de Lisboa, Lisboa, Portugal, 1980. 
[7] D. R. Lide (editor), "CRC handbook of chemistry and physics 78th edition", CRC 
Press, New York, USA, 1997. 
[8] R. B. Bird, W. Stewart and E. N. Lightfoot, "Transport phenomena", John Wiley & 
Sons Inc, New York, USA, 1960. 
Chapter 5 
[1] B. G. Streetman and B. Sanjay, "Solid State electronic Devices", 5th edition, 
Prentice Hall, New Jersey, USA, 2000. 
[2] I. Li, T. Tasang, G. J. Coyle, W. Yin and I. Adler, "Relative intensity of L3MM 
transitions in maximal-valent V and Cr compounds under ion bombardment", 
Physical Review B, 26 (1982) 1096. 
[3] K. A. Singmaster, F. A. Houle and R. J. Wilson, "Mechanisms of contamination in 
photochemical deposition of thin metal films", Laser/Optical Processing of 
Electronic Materials, 1190 (1989) 152. 
[4] H. A. Bullen and S. J. Garret, "Epitaxial growth of CrO2 thin films on TiO2 (110) 
surfaces", Chemistry of Materials, 14 (2002) 243. 
[5] J. Mougin, T. L. Bihan and G. Lucazeau, "High-pressure study of Cr2O3 obtained by 
high-temperature oxidation and Raman spectroscopy", Journal of Physics and 
Chemistry of Solids, 62 (2001) 553. 
[6] J. Zuo, C. Xu, B. Hou, C. Wang, Y. Xie and Y. Qian, "Raman spectra of nanophase 
Cr2O3", Journal of Raman Spectroscopy, 27 (1996) 921. 
[7] S. I. Dolgaev, N. A. Kirichenko and G. A. Shafeev, "Deposition of nanostructured 
Cr2O3 on amorphous substrates under laser irradiation of the solid-liquid 
interface", Applied Surface Science, 138-139 (1999) 449. 
[8] M. N. Iliev, A. P. Litvinchuk, H. G. Lee, C. W. Chu, A. Barry and J. M. D. Coey, 
"Raman spectra of the half-metallic ferromagnet CrO2", Physica Status Solidi, 
215 (1999) 643. 
[9] R. Srivastana and L. L. Chase, "Raman spectra of CrO2 and MoO2 single crystals", 
Solid State Communications, 11 (1972) 349. 
[10] M. N. Iliev, A. P. Litvinchuk, H.-G. Lee, C. W. Chu, A. Barry and J. M. D. Coey, 
"Raman spectroscopy of ferromagnetic CrO2", Physical Review B, 60 (1999) 33. 
5 
References - Chapter 1 
 
 240 
[11] J. E. Maslar, W. S. Hurst, T. A. Vanderah and I. Levin, "The Raman spectra of 
Cr3O8 and Cr2O5", Journal of Raman Spectroscopy, 32 (2001) 201. 
[12] T. Maruyama and H. Akagi, "Chromium oxide thin films prepared by chemical 
vapor deposition from chromium acetylacetonate and chromium hexacarbonyl", 
Journal of The Electrochemical Society, 143 (1996) 1955. 
[13] A. Barry, J. M. D. Coey, L. Ranno and K. Ounadjela, "Evidence for a gap in the 
excitation spectrum of CrO2", Journal of Applied Physics, 83 (1998) 60. 
[14] R. Cheng, C. N. Borca, P. A. Dowben, S. Stadler and Y. U. Idzerda, "Potential 
phase control of chromium oxide thin films prepared by laser-initiated 
organometallic chemical vapor deposition", Applied Physics Letters, 78 (2001) 
521. 
[15] J. M. Parnis, S. A. Mitchell and P. A. Hackett, "Transition metal atom reaction 
kinetics in the gas phase: association and oxidation reactions of 7S3 chromium 
atoms", Journal of Physical Chemistry, 94 (1990) 8152. 
[16] J. Soderlund, L. B. Kiss, G. A. Niklasson and C. G. Granqvist, "Lognormal size 
distribuition in particle growth processes without coagulation", Physical Review 
Letters, 80 (1998) 2386. 
[17] H. O. Pierson, "Handbook of chemical vapor deposition", Noyes Publications, New 
Jersey, USA, 1992. 
Chapter 6 
[1] S. Ishibashi, T. Namikawa and M. Satou, "Epitaxial growth of CrO2 on sapphire in 
air", Japanese Journal of Applied Physics, 17 (1978) 249. 
[2] S. Ishibashi, T. Namikawa and M. Satou, "Epitaxial growth of ferromagnetic CrO2 
films in air", Materials Research Bulletin, 14 (1979) 51. 
[3] S. M. Watts, "Magnetotransport in half-metallic ferromagnetic oxides", Ph.D. 
Thesis, The Florida State University College of Arts and Sciences, Tallahassee, 
Florida, 2002. 
[4] P. G. Ivanov, "Epitaxial films of chromium dioxide from a new precursor (Cr8O21) 
and research on their application in spin-electronic devices ", Ph.D. Thesis, The 
Florida State University College of Arts and Sciences, Tallahassee, Florida, 2002. 
[5] P. G. Ivanov, S. M. Watts and D. M. Lind, "Epitaxial growth of CrO2 thin films by 
chemical-vapor deposition from Cr8O21 precursor", Journal of Applied Physics, 89 
(2001) 1035. 
6
References - Chapter 1   
 241 
[6] P. A. Stampe, R. J. Kennedy, S. M. Watts and S. v. Molnár, "Strain effects in thin 
films of CrO2 on rutile and sapphire substrates", Journal of Applied Physics, 89 
(2001) 7696. 
[7] R. B. Bird, W. Stewart and E. N. Lightfoot, "Transport phenomena", John Wiley & 
Sons, Inc., New York, USA, 1960. 
[8] P. Norby, A. N. Christensen, H. Fjellvåg and M. Nielsen, "The crystal structure of 
Cr8O21 determined from powder diffraction data: Thermal transformation and 
magnetic properties of a chromium-chromate-tetrachromate", Journal of Solid 
State Chemistry, 94 (1991) 281. 
[9] A. F. Mota, A. J. Silvestre, P. M. Sousa, O. Conde, M. A. Rosa and M. Godinho, 
"CVD of CrO2 thin films: influence of the deposition parameters on their 
structural and magnetic properties", Materials Science Forum, 514/516 (2006) 
289. 
[10] A. F. Mota, "Projecto, instalação e optimização de um reactor de CVD. Aplicação 
ao estudo de filmes ferromagnéticos de CrO2", Relatório de Estágio 
Profissionalizante, Faculdade de Ciências da Universidade de Lisboa, dep. Física, 
Lisboa, Portugal, 2004. 
Chapter 7 
[1] M. Rabe, J. Pommer, K. Samm, B. Özyilmaz, C. König, M. Fraune, U. Rüdiger, G. 
Güntherodt, S. Senz and D. Hesse, "Growth and magnetotransport study of thin 
ferromagnetic CrO2 films", Journal of Physics: Condensed Matter, 14 (2002) 7. 
[2] M. Rabe, J. Dreβen, D. Dahmen, J. Pommer, H. Stahl, U. Rüdiger, G. Güntherodt, 
S. Senz and D. Hesse, "Preparation and characterization of thin ferromagnetic 
CrO2 films for applications in magnetoelectronics", Journal of Magnetism and 
Magnetic Materials, 211 (2000) 314. 
[3] U. Rüdiger, M. Rabe, K. Samm, B. Özyilmaz, J. Pommer, M. Fraune, G. 
Güntherodt, S. Senz and D. Hesse, "Extrinsic and intrinsic magnetoresistance 
contribuitions of CrO2 thin films", Journal of Applied Physics, 89 (2001) 7699. 
[4] S. Ishibashi, T. Namikawa and M. Satou, "Epitaxial growth of CrO2 on sapphire in 
air", Japanese Journal of Applied Physics, 17 (1978) 249. 
[5] S. Ishibashi, T. Namikawa and M. Satou, "Epitaxial growth of ferromagnetic CrO2 
films in air", Materials Research Bulletin, 14 (1979) 51. 
7 
References - Chapter 1 
 
 242 
[6] P. M. Sousa, S. A. Dias, A. J. Silvestre, O. Conde, B. Morris, K. A. Yates, W. R. 
Branford and L. F. Cohen, "CVD of CrO2: towards a lower temperature deposition 
process", Chemical Vapor Deposition, 12 (2006) 712. 
[7] M. N. Iliev, A. P. Litvinchuk, H. G. Lee, C. W. Chu, A. Barry and J. M. D. Coey, 
"Raman spectra of the half-metallic ferromagnet CrO2", Physica Status Solidi, 
215 (1999) 643. 
[8] R. Srivastana and L. L. Chase, "Raman spectra of CrO2 and MoO2 single crystals", 
Solid State Communications, 11 (1972) 349. 
[9] M. N. Iliev, A. P. Litvinchuk, H.-G. Lee, C. W. Chu, A. Barry and J. M. D. Coey, 
"Raman spectroscopy of ferromagnetic CrO2", Physical Review B, 60 (1999) 33. 
[10] J. Dai, J. Tang, H. Xu, L. Spinu, W. Wang, K. Wang, A. Kumbhar, M. Li and U. 
Diebold, "Characterization of the natural barriers of intergranular tunnel 
junctions: Cr2O3 surface layers on CrO2 nanoparticles", Applied Physics Letters, 
77 (2000) 2840. 
[11] R. Cheng, B. Xu, C. N. Borca, A. Sokolov, C.-S. Yang, L. Yang, L. Yuan, S.-H. 
Liou, B. Doudin and P. A. Dowben, "Characterization of the native Cr2O3 oxide 
surface of CrO2", Applied Physics Letters, 79 (2001) 3122. 
[12] A. F. Mota, A. J. Silvestre, P. M. Sousa, O. Conde, M. A. Rosa and M. Godinho, 
"CVD of CrO2 thin films: influence of the deposition parameters on their 
structural and magnetic properties", Materials Science Forum, 514/516 (2006) 
289. 
[13] T. Yu, Z. X. Shen, J. He, W. X. Sun, S. H. Tang and J. Y. Lin, "Phase control of 
chromium oxide in selective microregions by laser annealing", Journal of Applied 
Physics, 93 (2003) 3951. 
[14] X. W. Li, A. Gupta, T. R. McGuire, P. R. Duncombe and G. Xiao, 
"Magnetoresistance and Hall effect of chromium dioxide epitaxial thin films", 
Journal of Applied Physics, 85 (1999) 5585. 
[15] W. Kraus and G. Nolze, "POWDER CELL - a program for the representation and 
manipulation of crystal structures and calculation of the resulting X-ray powder 
patterns", Journal of Applied Crystallography, 29 (1996) 301. 
[16] W. H. Baur and A. A. Khan, "Rutile-type compounds. VI. SiO2, GeO2 and a 
comparison with other rutile type structures", Acta Crystallographica, B27 (1971) 
2133. 
[17] R. E. Newnham and Y. M. d. Haan, "Refinement of the alpha Al2O3, Ti2O3, V2O3 
and Cr2O3 structures", Zeitschrift fur Kristallographie, 117 (1962) 235. 
[18] J. Shen, S. Johnston, S. Shang and T. Anderson, "Calculated strain energy of 
haxagonal epitaxial thin films", Journal of Crystal Growth, 240 (2002) 6. 
7
References - Chapter 1   
 243 
[19] H. L. Alberts and J. C. A. Boeyens, "The elastic constants and distance 
dependence of the magnetic interactions of Cr2O3", Journal of Magnetism and 
Magnetic Materials, 2 (1976) 327. 
[20] H. J. Park, C. Park, S. Yeo, S. W. Kang, M. Mastro, O. Kryliouk and T. J. 
Anderson, "Epitaxial strain energy measurements of GaN on sapphire by Raman 
spectroscopy", Physica Status Solidi (c), 2 (2005) 2446. 
[21] P. G. Ivanov, S. M. Watts and D. M. Lind, "Epitaxial growth of CrO2 thin films by 
chemical-vapor deposition from Cr8O21 precursor", Journal of Applied Physics, 89 
(2001) 1035. 
[22] S. J. Liu, J. Y. Juang, K. H. Wu, T. M. Uen, Y. S. Gou and J.-Y. Lin, "Transport 
properties of CrO2 (110) films grown on TiO2 buffered Si substrates by chemical 
vapor deposition", Applied Physics Letters, 80 (2002) 4202. 
[23] M. Ohring, "The materials science of thin films", Academic Press, Inc., London, 
UK, 1992. 
[24] C. Vahlas, B. Caussat, F. Senocq, W. L. Gladfelter, L. Aloui and T. Moersch, "A 
delivery system for precursor vapors based on sublimation in a fluidized bed", 
Chemical Vapor Deposition, 13 (2007) 123. 
[25] J. D. Seader and E. J. Henley, "Separation Process Principles", John Wiley & Sons 
Inc, New York, USA, 1998. 
[26] B. L. Chamberland, "The chemical and physical properties of CrO2 and tetravalent 
chromium oxide derivatives", CRC Critical Reviews in Solid State and Materials 
Sciences, 7 (1977) 1. 
[27] H. Y. Hwang and S.-W. Cheong, "Enhanced intergrain tunneling 
magnetoresistance in half-metallic CrO2 films", Science, 278 (1997) 1607. 
[28] N. Braithwaite (Author) and G. Weaver (Editor), "Electronic Materials (Materials in 
Action) ", Butterworth-Heinemann Ltd, London, England, 1990. 
[29] J. M. D. Coey and M. Venkatesan, "Half-metallic ferromagnetism: Example of 
CrO2 (invited)", Journal of Applied Physics, 91 (2002) 8345. 
[30] H. P. Myers, "Introductory Solid State Physics", Taylor & Francis Ltd., 2nd edition, 
London, 2002. 
[31] K. Suzuki and P. M. Tedrow, "Resistivity and magnetotransport in CrO2 films", 
Physical Review B, 58 (1998) 11597. 
[32] J. M. D. Coey, A. E. Berkowitz, L. Balcells and F. F. Putris, "Magnetoresistance of 
chromium dioxide powder compacts", Physical Review Letters, 80 (1998) 3815. 
[33] R. G. Egdell, E. Brand and D. Kellett, "Magnetic properties of CrO2 prepared by an 
ambient pressure TiO2 support assisted synthesis", Journal of Materials 
Chemistry, 9 (1999) 2717. 
7 
References - Chapter 1 
 
 244 
[34] L. Ranno, A. Barry and J. M. D. Coey, "Production and magnetotransport 
properties of CrO2 films", Journal of Applied Physics, 81 (1997) 5774. 
[35] A. Barry, J. M. D. Coey, L. Ranno and K. Ounadjela, "Evidence for a gap in the 
excitation spectrum of CrO2", Journal of Applied Physics, 83 (1998) 60. 
[36] A. Anguelouch, A. Gupta and G. Xiao, "Thickness dependence of magnetic and 
transport properties of chromium dioxide (CrO2) strained epitaxial thin films", 
IEEE Transactions on Magnetics, 37 (2001) 2135. 
[37] Y. Ji, G. J. Strijkers, F. Y. Yang, C. L. Chien, J. M. Byers, A. Anguelouch, G. Xiao 
and A. Gupta, "Determination of the spin polarization of half-metallic CrO2 by 
point contact andreev reflection", Physical Review Letters, 86 (2001) 5585. 
[38] Y. S. Dedkov, M. Fonine, C. König, U. Rüdiger and G. Güntherodt, "Room-
temperature observation of high-spin polarization of epitaxial CrO2 (100) island 
films at the Fermi energy", Applied Physics Letters, 80 (2002) 4181. 
[39] A. Anguelouch, A. Gupta, G. Xiao, D. W. Abraham, Y. Ji, S. Ingvarsson and C. L. 
Chien, "Near-complete spin polarization in atomically-smooth chromium-dioxide 
epitaxial films prepared using a CVD liquid precursor ", Physical Review B, 64 
(2001) 180408R-1-3. 
[40] W. J. DeSisto, P. R. Broussard, T. F. Ambrose, B. E. Nadgorny and M. S. Osofsky, 
"Highly spin-polarized chromium dioxide thin films prepared by chemical vapor 
deposition from chromyl chloride", Applied Physics Letters, 76 (2000) 3789. 
[41] P. A. Stampe, R. J. Kennedy, S. M. Watts and S. v. Molnár, "Strain effects in thin 
films of CrO2 on rutile and sapphire substrates", Journal of Applied Physics, 89 
(2001) 7696. 
[42] J. S. Parker, S. M. Watts, P. G. Ivanov and P. Xiong, "Spin polarization of CrO2 at 
and across an artificial barrier", Physical Review Letters, 88 (2002) 196601. 
[43] S.-Y. Bae and S. X. Wang, "Transport in magnetically doped magnetic tunnel 
junctions", IEEE Transactions on Applied Magnetics, 38 (2002) 2721. 
[44] G. E. Blonder, M. Tinkham and T. M. Klapwijk, "Transition from metallic to 
tunneling regimes in superconducting microconstrictions: Excess current, charge 
imbalance, and supercurrent conversion ", Physical Review B, 25 (1982) 4515. 
[45] I. I. Mazin, A. A. Golubov and B. Nadgorny, "Probing spin polarization with 
Andreev reflection: A theoretical basis", Journal of Applied Physics, 89 (2001) 
7576. 
[46] Y. Bugoslavsky, Y. Miyoshi, S. K. Clowes, W. R. Branford, M. Lake, I. Brown, A. 
D. Caplin and L. F. Cohen, "Possibilities and limitations of point-contact 
spectroscopy for measurements of spin polarization", Physical Review B, 71 
(2005) 104523. 
7 
References - Chapter 1   
 245 
[47] K. A. Yates, W. R. Branford, F. Magnus, Y. Miyoshi, B. Morris, L. F. Cohen, P. M. 
Sousa, O. Conde and A. J. Silvestre, "The spin polarization of CrO2 revisited", 
Applied Physics Letters, 91 (2007) 172504. 
Appendix A 
[1] G. Binnig, C. F. Quate and C. Gerber, "Atomic Force Microscope", Physical Review 
Letters, 56 (1986) 930. 
[2] US Patent number 5, 412, 980. 
[3] J. I. Goldstein, A. D. Romig (Jr). D. E. Newbury, C. E. Lyman, P. Echlin, C. Fiori, D. 
C. Joy and E. Lifshin, "Scanning electron microscopy and X-ray Microanalysis", 
Plenum Press, 2nd ed., London, UK, 1992. 
[4] D. B. Williams and C. B. Carter, "Transmission electron microscopy", Plenum 
Press, New York, USA, 1996. 
[5] J. F. Watts, "An introduction to surface analysis by electron spectroscopy", 
Microscopy Handbooks 22, Oxford University Press, Oxford, UK, 1990. 
[6] B. D. Cullity, "Elements of X-ray Diffraction", Addison-Wesley, 2nd edition, London, 
UK, 1978. 
[7] B. E. Warren, "X-ray diffraction", Dover publications, New York, USA, 1990. 
[8] R. A. Young, "The Rietveld method", International Union of Crystallography, 
Oxford University press, New York, 1996. 
[9] N. Nakamoto, "Infrared and Raman Spectra of Inorganic and Coordination 
Compounds: Theory and Applications in Inorganic Chemistry", Wiley-
Interscience, 5th ed., New York, USA, 1997. 
[10] M. N. Iliev, A. P. Litvinchuk, H. G. Lee, C. W. Chu, A. Barry and J. M. D. Coey, 
"Raman spectra of the half-metallic ferromagnet CrO2", Physica Status Solidi, 
215 (1999) 643. 
[11] A. Niazi, P. Poddar and A. K. Rastogi, "A precision, low-cost vibrating sample 
magnetometer", Current Science, 79 (2000) 99. 
[12] J. M. D. Coey and C. L. Chien, "Half-metallic ferromagnetic oxides", MRS Bulletin, 
28 (2003) 720. 
[13] G. T. Woods, J. R. J. Soulen, I. Mazin, B. Nadgorny, M. S. Osofsky, J. Sanders, H. 
Srikanth, W. F. Egelhoff and R. Datla, "Analysis of point-contact Andreev 
reflection spectra in spin polarization measurements", Physical Review B, 70 
(2004) 54416. 
Appendix A
References - Chapter 1 
 
 246 
[14] G. E. Blonder, M. Tinkham and T. M. Klapwijk, "Transition from metallic to 
tunneling regimes in superconducting microconstrictions: Excess current, charge 
imbalance, and supercurrent conversion ", Physical Review B, 25 (1982) 4515. 
[15] I. I. Mazin, A. A. Golubov and B. Nadgorny, "Probing spin polarization with 
Andreev reflection: A theoretical basis", Journal of Applied Physics, 89 (2001) 
7576. 
[16] Y. Bugoslavsky, Y. Miyoshi, S. K. Clowes, W. R. Branford, M. Lake, I. Brown, A. 
D. Caplin and L. F. Cohen, "Possibilities and limitations of point-contact 
spectroscopy for measurements of spin polarization", Physical Review B, 71 
(2005) 104523. 
[17] D. K. Schroder, "Semiconductor material and device characterization and device 
characterization", John Wiley & Sons, Inc., New York, USA, 1990.  
[18] L. J. V. d. Pauw, "A method of measuring specific resistivity and Hall effect of 
discs of arbitrary shapes", Philips Technical Review, 13 (1958) 1. 
[19] L. J. V. d. Pauw, "A method of measuring the resistivity and Hall coefficient on 
lamellae of arbitrary shape", Philips Research Reports, 20 (1958) 220. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix A 
